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TRUNK LINE ELECTRIFICATION

BY CHARLES P. KAHLER

The object of this paper is to show the effect of the substitu-
tion of electric motive power for steam, upon the operation of a
railroad, and the comparative cost of operating a railroad by
steam and electric power; also to outline general railroad condi-
tions and show whether the return on the large investment neces-
sary for the electrification of a steam railroad (by reason of the
lower electric operating expenses and increased passenger earn-
ings) will be likely to warrant operation by electric power.

GENERAL
The great objection to operating many of the large steam rail-

roads by electric power is the extremely heavy investment neces-
sary for the electric apparatus and equipment. The ability of the
steam locomotive to handle railroad traffic in a very reliable, and,
I may also say, expeditious manner, is very well known, but up to
date, railroad managers either have not been convinced that
electric motive power is as reliable as steam power or else they
do not believe that the improvement in the railroad service or the
saving in operating expenses resulting from electric operation will
be great enough to warrant the heavy expenditures necessary.
On most railroads, bonds would have to be issued to cover the
cost of electrification, and the return on the investment, by
reason of the lower electric operating cost, would have to be
great enough to pay the interest and sinking fund on the bonds,
and leave a reasonable profit besides.

REASONS FOR PAST ELECTRIFICATION WORK
Very little of the past work of steam railroad electrification was

done on account of the financial return expected on the money
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so expended. It was the ability of the electric locomotive to
accomplish or do some special work not possible with the steam
locomotive that caused most of the past work to be done. The
first heavy electric railroad work in this country was on the B. &
0. R.R., where the electric locomotives were substituted for
steam locomotives to do away with the smoke troubles in the
long Belt tunnel extending under the heart of Baltimore. The
smoke trouble with steam locomotives has, in fact, been one of
the most important reasons for the past progress in heavy electric
railroad work. Steam locomotives, with their smoke and gases,
could hardly do the work of the Pennsylvania electric locomo-
tives operating through the tunnels into New York. The smoke
nuisance is also the principal reason that the electrification of the
Chicago terminals is being considered at present.

RESULTS OF PAST HEAVY ELECTRIFICATION WORK
Irrespective of what caused the past heavy electric railroad

work, the actual operation of large electric locomotives showed
that they could in some ways handle railroad traffic more
advantageously than steam locomotives. Also, it was found that
electric locomotives were as reliable in operation as steam loco-
motives. In fact, the published records of the steam and electric
locomotives of the New York Central Railroad, the New York,
New Haven & Hartford Railroad, and the Pennsylvania Rail-
road, indicate that electric locomotives are probably even more
reliable in operation than steam locomotives. The published
records of the above roads also indicate that the quantity of fuel
required to generate power in a steam-electric plant for railroad
operation is much less than the fuel required by steam locomotives
in the same service. Also, the locomotive repair expense was
found to be much less on electric locomotives than on steam
locomotives.

Further, as the electric locomotives do not have to bother with
taking fuel and water, nor have a boiler or fire-box to be cleaned
out, they are nearly always ready for service, and also take less
time to handle trains than steam locomotives, especially on long
runs. The perfection of the multiple unit control made the
number of driving units which could be controlled by one man
practically unlimited and, consequently, it was possible to make
the size of electric locomotives much greater than steam loco-
motives with the boiler limitations.
The large saving in operation and other advantages which it
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was evident would result from electric railroad operation, caused
the manufacturers and builders of steam locomotives to make
many marked improvements in the steam locomotive. The
Mallet and Mikado types of locomotive, with all the refinements
for economic operation, resulted partly from the competition
between the steam and the electric locomotive. However, the
limitations imposed by the boiler of a steam locomotive are still
a big disadvantage, as any increase in tractive power of a steam
locomotive can only be had by lowering the speed.

Another important point in connection with electric operation
was brought out by the great success of the interurban electric
railways. The frequent passenger train service, and other ad-
vantages possible on the electric railways, caused a large increase
in the local passenger traffic. The passenger earnings on these
interurban electric railways soon after beginning operation be-
came much greater than had been obtained from the same terri-
tories by steam-operated railroads.
The gasoline motor car and the gas-electric motor car would

probably not have been developed were it not for the trolley
lines taking local passenger business away from the steam rail-
roads. These have been successful as far as operation goes, but
although some of the published costs of operation are lower than
steam train operation, I know of several cases where the opera-
ting and maintenance costs of the gasoline motor cars differ very
little from those of the three-car steam trains. The gasoline cars
are not as reliable as a steam locomotive, and I doubt if the gas-
electric cars are much better, although they are probably better
fitted to handle traffic where frequent stops are necessary than
the gasoline cars.

EFFECT OF THE PHYSICAL CHARACTERISTICS OF A RAILROAD ON
THE OPERATING EXPENSES

The grades, curvature and other physical characteristics of a
railroad have a very important influence upon its operating ex-
penses and are usually very carefully studied by railroad men with
a view of cutting down operating expenses. The reduction in the
number of freight trains by cutting down the ruling grade is one
way of reducing operating expenses. The elimination of helper
engine districts, shortening of distances, taking out curvature,
and lessening the rise and fall of grades, are other ways in which a
great deal of money is now being expended on steam railroads to
lower the operating costs.
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Ruling Grade. The ruling grades are those which limit the
weight of the freight trains. They are not always the maximtim
grades, because the maximum grades are often momentum grades.
On many steam railroads where the average grade is low, the
heavy ruling grades which determine the weight and thereby
the number of freight trains, are comparatively short. If these
roads were electrically operated, the weight of the freight trains
could in most cases be made much heavier than possible by steam
operation, on account of the characteristic of the electric loco-
motive to operate overload without dangerous overheating, long
enough to get over the short heavy-grade sections, and on this
account the ruling grade of an electrically operated railroad will
seldom be as great as the ruling grade of a steam-operated rail-
road. This will be explained more in detail below.

Helper Districts. Sometimes in constructing a railroad on a
certain ruling grade, there are some short sections where it is
either impossible to build to the established ruling grade or else
the construction expense would be prohibitive. In such cases,
helper districts are established which require from one to four
engines, in addition to the regular road engine, to haul freight
trains with the maximum or ruling grade tonnage over them. For
instance, if the ruling grade of an engine district is 0.5 per cent
and there is a 1.7 per cent helper grade, while one engine could
haul a freight train loaded for a 0.5 per cent grade over the engine
district, two additional locomotives of the same class as the road
locomotive would be required to assist the train over the 1.7 per
cent helper district. Only one engine crew would be required
where more than one electric helper locomotive is used, as two
or more electric locomotives can be coupled together and operated
as a single unit by one man, while with steam locomotives as
many engine crews will be needed as there are steam locomotives
used.

INFLUENCE OF THE LOCOMOTIVE ON THE OPERATING EXPENSES
OF A RAILROAD

The locomotive is directly responsible for from 30 percent to
40 per cent of the operating expenses of a steam railroad, the
principal items being the fuel cost, locomotive repair cost, the
engine house expenses, and the wages of the engine crew. In
addition, the locomotive is indirectly responsible for a good deal
of expense, as its tractive power determines the number of freight
trains, and upon its reliability depends the expense due to delays
from locomotive failures.
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The horse power and tractive effort curves shown in Fig. 1,
for a consolidated steam freight locomotive and an electric loco-
motive for freight service, illustrate the comparative character-
istics of the two kinds of locomotives. At a speed of 16.5 miles
per hour, which is only a little greater than the usual average
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speed of freight trains, the tractive power of both locomotives
is equal. Above this speed the steam locomotive can exert a
higher tractive effort than the electric locomotive, while below
this speed the electric locomotive has the higher tractive effort.
The steam locomotive can exert the tractive effort shown by the

curve at the higher speeds only for short intervals, on account
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of the inability of the boiler to supply continuously the necessary
steam. On the other hand, the electric locomotive can not con-
tinuously exert the high tractive effort shown by the curve at low
speeds, without overheating. The maximum tractive effort
which can be continuously exerted by the electric locomotive
with safety is 34,600 lb. at a speed of 16 miles per hour.
Below this speed the high tractive efforts shown can only be
used for certain periods of time. Thus, for one hour, 45,000 lb.
tractive effort can be exerted without overheating the motors,
with the speed at about 14 miles per hour.
At starting, as much as 55,000 lb. can be exerted by the electric

locomotive, while the steam locomotive can, under favorable
conditions, only exert a tractive effort of about 43,000 lb. at
starting. One of the causes of the higher power of the electric
freight locomotive at starting is that all its weight, 220,000 lb.,
is on the drive wheels, while although the steam locomotive with
loaded tender weighs 185 tons, it has only 187,000 lb. on the drive
wheels. Also the coefficient of adhesion is greater for an electric
locomotive than for a steam locomotive.
The foregoing shows the characteristics of steam and electric

locomotives and should give some idea of their respective abilities
to handle the traffic of a steam trunk line railroad. As stated
before, the weight of the steam freight trains is generally deter-
mined by the ruling grades. As an electric locomotive can exert
a high tractive effort for short intervals without dangerous
overheating, the average grades, which are usually much lower
than the ruling grades for steam operation, have more to do
with determining the weight of electrically operated freight
trains. Consequently, an electric freight locomotive can
usually haul much heavier trains than the steam freight
locomotive over the undulating grades usual on most steam
railroads.
On some engine districts the weight of freight trains is governed

by the starting grades. Here also the electric freight locomotive
has the advantage, as all or nearly all the weight is on the drive
wheels and the starting capacity of any locomotive is usually
proportional to the weight on the drivers.
For passenger service, the higher tractive effort at starting

gives the electric locomotive a great advantage, as a higher rate
of acceleration can be obtained. Also for local passenger service
the higher starting power makes it possible to maintain by electric
operation a much higher schedule speed with frequent stops to
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collect the passengers than could be done with the steam loco-
motive.

COMPETITION FOR DIFFERENT CLASSES OF RAILROAD SERVICE
The railroad traffic may be divided into six general classes:
1. Suburban passenger traffic.
2. Local or mterurban passenger traffic.
3. Through passenger traffic.
4. Local or way freight traffic.
5. Through or drag freight traffic.
6. Manifest or time freight traffic.
The construction of electric trolley lines parallel to steam

railroads in many parts of the country, and the operation of elec-
tric motor cars at frequent intervals, diverted nearly all of the
first and second classes of traffic from the paralleling steam roads.
As the trolley cars can accelerate more quickly than the steam
trains, they can consequentlymaintainthe same schedule speed and
still make numerous stops for collecting passengers. The cost of
operating the trolley lines ranges from 12 to about 22 cents per car
mile for the one motor car trains, while it takes from 50 cents
to $1.40 per train mile for steam operation. Consequently, the
interurban electric lines can not only maintain a better service
than the steam roads, but also they can afford to charge less fare
than the steam railroads, and, as a result, they get nearly all
the local passenger business and in addition create a new class
of traffic. It has been demonstrated many times that an electric
line will, on account of the better service it maintains, get a much
larger local passenger traffic out of a territory than a steam rail-
road usually does.
At the present time the electric lines in many places are

handling, with considerable success, a good deal of local freight
business. The electric lines have not as yet materially affected
that part of the revenue of steam roads which is obtained from
the through passenger and freight traffic.
The experience with the electric locomotive has demonstrated

its reliability. The operating cost data available from electrified
steam railroads have made it evident that many steam railroads
could now be operated more economically by electric power.
However, the comparative economics of steam and electric
railroad operation would, of course, have to be studied for each
case, and to bring out the relative advantages and disadvantages
of steam and electric operation of trunk line railroads a concrete
example will now be discussed.
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DESCRIPTION OF RAILROAD CONSIDERED
Let us consider a single-track railroad constructed through a

semi-arid region, similar to many parts of the West, which con-
tains numerous irrigated and dry farm districts. The length
of the railroad will be taken as 467 miles, and be divided into
three engine districts, respectively 167, 160 and 140 miles lonig,
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towards the east. It will be assumed that there will be a helper
district 9 miles in length for west-bound trains on engine district
No. 1 and also one of the same length on engine district No. 2
for east-bound trains, the foot of these helper grades to be
located il miles west of and 7 miles east of terminal No. 2 and
the helper locomotives of both districts to be hostled and taken
care of at terminal No. 2. The limiting grades of the three engine
districts are shown in Table II. Also Table I and Fig. 2 will
show the relative location of the engine districts and helper
sections, together with other data of this railroad.

TABLE I

Engine districts

Total
No. 1 No. 2 No. 3

Miles of main track....... 167.5 160 140.5 468
Miles of side track........ 54.5 51 50.5 156
Total main and side track...... 222 211 191 624
Miles curved track......... 35 33 32 100
Degrees of central angle per mile . 120 120120 120
Maximum curvature..... 60 40 40 60

Ascents and descents of grade per,
mile..... 14 ft. 22 ft. 18 ft. 18 ft.

Average grade......... 0.14% 0.21% 0.17% 0.17%
Weight of rail per yard....... 90 lbs. 90 lbs. 90 lbs. 90 lbs.

Steam Equipment. The through passenger trains to be handled
by Pacific type locomotives of 192 tons weight with loaded tender,
to handle from 5 to 14 coaches per train. The local passenger
trains to consist of a 110-ton locomotive (with loaded tender)
with a baggage car, smoking car and day coach, all cars being of
45 tons weight.
The freight trains to be handled by consolidated locomotives

of total weight with coal and water of 185 tons and with 187,000
lb. on the drive wheels. The local freight trains to be handled by
130-ton locomotives.

Electric Operation. For comparison of steam and electric
operation, the above line will be considered as equipped with an
11,000-volt, single-phase, 15-cycle trolley, with 110,000-volt, 15-
cycle high-tension line to supply power to 14 substations. The
power to be received into the high-tension system at terminal
No. 3.
The local passenger trains to consist of two electric motor

cars and one trailer. The through passenger trains to be hauled
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by 100-ton electric locomotives. The local freight trains to be
hauled by an 85-ton locomotive, which class of locomotive will
also be used in switching service. The through freight trains
(both expedite and drag) to be hauled by 110-ton locomotives.

Passenger Traffic. The passenger traffic to consist of six
through trains per day (three each way) over the whole road.
On engine district No. 1 there will be four local passenger trains
per day (two each way), while on engine districts Nos. 2 and 3
there will only be two local passenger trains per day.

Freight Traffic. The annual freight traffic over each engine
district will be assumed as follows:

Tonnage of cars and contents

Engine districts No. 1 No. 2 No. 3

West bound:
Expedite freight........ 800,000 700,000 800,000
Drag freight..... 1,700,000 1,700,000 1.600,000
Local freight......... 200,000 160,000

East bound:
Expedite freight........ 600,000 600,000 600,000
Drag freight .......................... 1,300,000 1,300,000 1,200,000
Local freight........ 100,000 100,000

NUMBER OF FREIGHT TRAINS
To determine the number of freight trains necessary to handle

the above traffic, the maximum tonnage which the locomotives
can haul over each engine district will have to be determined. For
steam operation, this can be closely computed if the ruling and
starting grades are known. Also a close approximation of the
maximum tonnage by electric operation can be made if the aver-
age grades and their length are known, together with the maxi-
mum grades at starting.

However, the most accurate way of determining the maximum
tonnage which can be hauled by a locomotive is to draw the veloc-
ity diagram for the limiting grade sections of the engine districts.
Fig. 3 shows the profile and velocity diagrams for both steam and
electric freight trains over the limiting grade sections of engine
district No. 1. This will also give an idea of the variety of con-
ditions for which a locomotive of a trunk line railroad is used.
The limiting points are determined by the starting grades,

the helper grades and the ruling grades. In computing the hauling
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capacity for steam locomotives, it is usual to make 10 miles per
hour the minimum speed in order to allow for weather conditions,
the personal equation of the engineer, and other variable condi-
tions.

In Fig. 3 it will be noted that west, bound steam freigh ttrains
of 2040 tons get down to 10 miles per hour at about mile post
152, on the helper section, and hence the helper section limits the
weights of steam freight trains. The starting capacity of the
steam locomotive is also nearly reached with the same tonnage.
For west-bound electric trains, the starting grades limit the
weight to 3350 tons.
The weight of east-bound steam freight trains is limited to 2240

tons by the ruling grade, 0.55 per cent. The starting grades also
will not permit a heavier steam train. The weight of the east-
bound electric freight trains (2470 tons) is limited by the long
21-mile grade from mile post 82 to mile post 111, which averages
0.45 per cent, the maximum grade in this distance being 0.6 per
cent. It is on these long grades, where the electric locomotive
operates on its continuous rating, that the steam locomotive com-
pares most favorably with the electric locomotive. But even
here the steam locomotive's hauling capacity is determined by
the ruling grade, 0.55 per cent, which is very short, while the
hauling capacity of the electric locomotive is determined by the
average grade, 0.45 per cent.

In like manner, the weight of the freight trains was computed
for engine districts Nos. 2 and 3. The maximum grade in
most cases equals the ruling grade for steam operation. The
maximum average grades, which govern the weight of the electric
trains, are much lighter than the maximum grades; also the aver-
age grades are not of any great length and, consequently, the
electric locomotive can exert considerably greater tractive effort
than its continuous capacity. As a result, the electric locomotive
can haul from 50 per cent to 60 per cent greater tonnage than the
steam locomotive over these engine districts.

Table II shows the limiting grades of all engine districts,
together with the maximum tonnage which can be handled by
the 185-ton steam consolidated freight locomotive and the 110-
ton electric freight locomotive, whose characteristics are shown in
Fig. 1.

Table No. III gives the maximum trailing tonnage which the
steam and electric freight locomotives can haul over the different
engine districts:
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TABLE III

TRAILING LOAD OF DRAG FREIGHT TRAINS IN TONS

Steam locomotive Electric locomotive

West East West East

Engine district No. 1................. 1855 2055 3240 2360
Engine district No. 2.1505 1247 2480 2260
Engine district No. 3.2815 1247 4472 2050

The above trailing weights were obtained by subtracting the
weights of the steam (185-ton) and electric (110-ton) locomotives
from the total train weights given in Table II. The minimum
speed of the electric freight trains is considerably greater than
for steam freight trains, as it ranges from 14 to 16 miles per
hour, which is high enough for expedite trains. The maximum
steam train weights for expedite freight trains would have to
be lighter than those given in Table III, as greater speed is re-
quired. Table IV gives the weights of the expedite trains:

TABLE IV

TRAILING LOAD OF EXPEDITE FREIGHT TRAINS IN TONS

Steam locomotive Electric locomotive

West East West East

Engine district No. 1529 1697 3240 2360
Engine district No. 2.1235 1018 2480 2260
Engine district No. 3.2335 1018 4472 2050

In actual practise, the average weight of the trains would not
be as great as given in Tables III and IV, since during slack times
there are not always enough cars to load the engines to their
maximum and, consequently, a number of short weight trains
have to be operated. For the railroad considered, it will be
assumed that the weight of the expedite and drag trains averages
about 80 per cent of the maximum allowable weight or tonnage
rating given in Tables III and IV. The number of local freight
trains is generally governed by local conditions.

Table V shows the number of freight trains per year necessary
to handle the freight traffic given above.
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TABLE V
NUMBER OF FREIGHT TRAINS PER YEAR

Steam locomotive Electric locomotive

West East *Total West East *Total
Engine dist. No 1:

Expedite trains..... 656 442 1312 309 318 636
Drag trains. 1149 793 2298 656 688 1376
Local trains. .. 400 400 800 400 400 800

- -
_

-
_

--

Totals .........4410 2812

Engine dist. No. 2:
Expedite trains.......... 809 741 1618 404 335 808
Drag trains .1417 1300 2834 859 727 1718

Totals 4452 2526

Engine dist. No. 3:
Expedite trains.... 428 741 1482 225 372 744
Drag trains .............. 711 1200 2400 450 747 1494
Local trains. 320 320 640 320 320 640

Totals..... 4522 2878

*As it is necessary to operate the same number of trains in both directions on account
of train crews and equipment, the totals, of course. are twice the greatest number of
trains required in one direction.

On all railroads the traffic at some seasons of the year is greater
than at others. However, it is seldom that the passenger and
freight busy seasons happen at the same time. The freight ton-
nage is generally greatest in agricultural districts after the crops
are harvested, which is generally in the fall. The time of the
greatest passenger traffic will depend on local conditions but, as
stated above, seldom happens at the same time as the heavy
freight movements. The writer has been often surprised at how
uniform the train mileage and ton mileage per mile of line is dur-
ing the year. For the railroad considered, the maximum and
average number of trains per day is taken as follows:

TABLE VI
NUMBER OF TRAINS PER DAY-(BOTH WAYS)

Eng. dist. No. 1 Eng. dist. No. 2 Eng. dist. No. 3

Average Maximum Average Maximum Average Maximum
day day day day day day

Steam trains:
Passenger ..... 10.0 10.0 8.0 8.0 8.0 8.0
Freight ..... . 12.1 16.0 12.2 17.0 12.4 18.0

Total....... 22.1 26.0 20.2 25.0 20.4 26.0

Electric trains:
Passenger..... 10.0 10.0 8.0 8.0 8.0 8.0
Freight....... 7.7 11.0 6.9 10.0 7.9 12.0

Total....'. 17.7 21.0 14.9 18.0 15.9 20.0
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Table VII shows the train mileage, ton mileage, and locomotive
mileage necessary to handle the assumed traffic over the railroad
considered. The locomotive mileage includes the mileage to and
from trains and the switching locomotive mileage.

TABLE VII

Steam Electric
Operation Operation

Train miles:
Local passenger trains ............................. 462,820 000

motor trains..000 462,820^moortains. . . . . . . . . . . . . . . . . . . . . . . . . . . .......... 6,2

Through passenger trains .......................... 1,022,730 1,022,730

Total passenger............... . 1,485,550 1,485,550

Local freight trains ................................ 233,200 233,200
Through a ........... ..................... 1,858,670 953,344
Work trains ................... 81,120 81,120

Total freight trains ........... ................... 2,172,990 1,267,664

Total all trains.......... 3,658,540 2,753,214

Locomotive and motor car mileage:
Motor car mileage......... 000 971,922
Passenger locomotives ............................. 1,559,828 1,073,867
Local freight locomotives.......... 240,196 240,196
Through a 1,914,430 981,944
Work train ....................................... 107,624 107,624
Helper locomotives ................................ 225,474 102,111
Switching ........................................ 397,000* *397,000

Total freight, work, helper and switch.. 2,884,724 1,828,875

Total locomotive mileage......... 4,44L4,552 2,902,742

Locomotive ton mileage:
Motor cars ....................................... 000 83,307,600
Passenger locomotives ............................. 259,638,174 107,386,700
Freight locomotives........... 385,395,130 129,631,480
Work train locomotives .......... .................. 15,067,360 9,686,160
Helper locomotives ................................ 41,712,690 8,386,510
Switching locomotives ............................. 55,880,000 35,730,000

Total freight, work, helper and switch... .......... 498,055,180 183,434,150
Total all locomotives and motor cars .............. 757,693,354 374,128,450

Ton mileage-cars and contents:
Passenger trains .................................. 744,424,800 675,001,8C0
Freight trains .................................... 2,113,300,000 1,940,045,780
Work trains ...................................... 40,560,000 40,560,000
Switching ........................................ 158,800,000 158,800,000

Total cars and contents...... 3,057,084,800 2,814,407,580
Grand total ton-miles........ . 3,814,778,154 3,188,536,030

*Six miles allowed for each hour a switch engine is in service.
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NUMBER OF LOCOMOTIVES REQUIRED
An examination of the records of numerous steam railroads

will disclose the fact that a steam locomotive spends a good
portion of its time in the shops undergoing heavy repairs. Also
that a larger part of its time is spent in or near the engine houses
where the boiler washing is done, the fire boxes and flues cleaned,
and the light running repairs are made, etc. The records of two
western steam roads show that their passenger locomotives
spent respectively 21 per cent and 17 per cent of their time in the
shops, and that the freight locomotives of the same roads were in
the shop 30 per cent and 24 per cent of their time.
The most complete record of the actual distribution of engine

service I have seen is given in Table VIII, which is for a section
of a railroad between 500 and 600 miles in length.

TABLE VIII

Passenger Freight
locomotives locomotives

Per cent Days Per cent Days
of total per year of total per year
time time

Time inshops22.4 82 28.2 103
Time spare .1.4 5 2.7 10
Time in enginehouse (having running

repairs done, boilers washed, fire
boxes cleaned) .53.2 194 35.9 131

Time running to and from trains. 1.6 6 1.1 4
Time in helper service. 1.1 4 4.3 16
Time on road. 20.3 74
Actually running.n 17.1 62
Standing on sidings, taking water, etc.1 10.739

Totals .. 100 365 100 365

It will be noted that each passenger locomotive was actually
on the road, running or standing on sidings, only 74 days of the
year, while each freight locomotive, exclusive of those used for
helper service, was actually running only 62 days of the year and
standing on sidings, etc., 39 days, not considering the helper
locomotives.
The number of locomotives required to handle the traffic of

any railroad depends of course upon the quantity of traffic,
number of trains, the arrangement of the train schedule, ratio of
maximum and average traffic, etc. An estimate of the number of
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steam locomotives required to handle the trains over the road can
be made from the train sheets, and to this number will have to be
added an allowance to cover time in engine house, shops, etc.
as shown above in Table VIII. However, the total number of
steam locomotives shown in Tables IX, X, XI and XII, as re-
quired for operating the railroad discussed in this paper, is the

TABLE IX
PASSENGER SERVICE

Steam locomotives Electric locomotives

Per cent Days of No. of Per cent Days of' No. of
of time year locomo- of time year locomo-

tives tives

In shops ..................... 22.1 81 6.2 19.2 70 2.5
Spare...... 1.4 5 0.4 3.P 11 0.4
In enginehouse, etc.....'.. 53.0 193 14.8 27.7 101 3.6
Running to and from trains. 1.6 6 0.5 3.8 14 0.5
In helper service . ........... 1.5 5 0.4 3.1 11 0.4
On road ..................... 4 75 5.7 43.1 158 5.6

Totals ................... 100 365 28 100 365 13

TABLE X
FREIGHT SERVICE

Steam locomotives Electric locomotives

Per cent Days of No. of Per cent Days of No. of
of time year locomo- of time year locomo-

tives tives

In shop .................... 28.0 102 26.9 25.1 91 10.8
Spare ....................... 2.7 10 2.6 6.0 22 2.6
In engine house ............. 35.8 131 34.4 27.9 102 12.0
Running to and from trains... 1.1 4 1.1 1.4 5 0.6
In helper service ............ 4.8 17 4.6 3.5 13 1.5
Standing on sidings.......... 10.6 39 10.1 13.7 50 5.9
Running onroad.... 17.0 62 16.3 22.4 82 9.6

Totals........ 100.0 365 96.0 100.0 365 43.0

same as that actually used on a western railroad where the
quantity of traffic and other conditions are similar. The number
of electric locomotives given was estimated from the steam
figures.
As there would be the same number of passenger trains, the

number of passenger locomotives required (assuming all trains to
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be locomotive trains) on the road would be the same for both
steam and electric operation, except that, as no time would be
used in taking water, a smaller number of electric locomotives
would be needed on this road than by steam operation. There
would be fewer freight trains by electric operation and, conse-
quently, fewer electric freight locomotives would be needed than
steam freight locomotives, in addition to the smaller number of
electric locomotives required on account of not having to take
water.

TABLE XI
SWITCHING SERVICE

Steam locomotive Electric locomotive

Per cent Days of No. of Per cent Days of No. of
of time year locomo- of time year locomo-

tives tives

Inshops.37.5137 6 27.3 99 3
In service ................... 62.5 228 10 72.7 266 8

Totals...... 100.0 365 16 100.0 365 11

TABLE XII
SUMMARY

Steam Electric
Equipment Equipment

Passenger service:
Motor cars ............................................ 0 14
Passenger locomotives ................................. 28 10

Freight locomotives ........................................ 96 43
Switching locomotives ...................................... 1611

Total motor cars ................................... 0 14
Total locomotives ............. ...................... 14064

The time in the engine house, where the inspection, cleaning
and light repair work is done, will manifestly be much less with
electric than with steam locomotives. A steam locomotive re-
ceives a thorough inspection after each run, whereas the practise
with electric locomotives is to inspect them after they have made
a certain mileage, which varies from 1200 to 2500 miles, the
former figure being the New York Central standard, while the
latter is the practise of the Pennsylvania Railroad at New York.
The boiler washing, fire box cleaning and other things required

on a steam locomotive, and which consume a large part of the
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time in the engine house, would not be necessary with electric
locomotives and, consequently, the time spent by electric loco-
motives in or near the engine house would be much less than with
steam locomotives. Likewise, electric locomotives would spend
less time in the shops than steam locomotives, as there would
be no boiler, firebox, smoke stack or tender to repair.
The above remarks, supplemented by Tables IX to XII in-

clusive, show how the number of electric locomotives needed to
handle the given traffic was estimated.

Tables IX and XII show the number of locomotives and distri-
bution of engine service for steam and electric operation of the
467-mile railroad being discussed.
Thus 13 passenger locomotives would be needed if all passenger

trains were locomotive trains, but as electric motor cars are to be
used for local passenger trains, only 10 electric locomotives
would be needed for the through passenger trains, in'place of 13
as shown in Table IX, but 14 motor cars would also be needed
for the local passenger trains.
As a check on the above figures for number of locomotives re-

quired some data will now be given of electrified steam lines in
operation. Table XIII below was computed and condensed frorn
data given in a paper by Mr. W. J. Wilgus, Volume 61, A.S.C.E.,
concerning the electric operation of the N.Y.C. & H.R.R.R.,
and which, as I understand it, shows the distribution of steam
and electric locomotive time out of the shop.

TABLE XIII

Hours Per cent

Steam Electric Steam Electric
locomotives locomotives locomotives locomotives

Busy ........................ 138.00 203.92 20.730.3
waiting.... 174.10 229.19 26.2 34.2

Total .312.10 433.11 46.9 64.5
Dead. 354.90 238.89 53.1 35.5

Grand total .667.00 672.00 100.0 100.0

These data, which are for all classes of locomotives, would indi-
cate that for conditions on the New York Central the steam
locomotives were having fire boxes cleaned, boilers washed,
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light repairs made, and other things which are done in the engine
house, a little over half the time out of the shops, while the time
spent by the electric locomotives in the engine house being in-
spected, having light repairs made, etc., was only about one
third of the time out of the shops.

Conditions on different roads are of course not the same, but
I believe Table XIII shows that the estimates of number of
electric locomotives for the 467-mile railroad here considered,
given in Tables IX to XII inclusive, are very conservative in
most items.

ESTIMATED COST OF ELECTRIFICATION
The following is an estimate of the money needed to electrify

the 467 miles of steam railroad considered:
High-tension lines (steel tower), 450 miles .................... 2,250,000
Trolley and feeder wire:
3/0 grooved copper trolley, 468 mi. at $650 ................ 304,200
Steel trolley wire, 156 mi., at $320.49,920
2/0 feeder wire, 468 mi. at $500 ......................... 234,000

588,120
Overhead construction:

Bracket arm construction, 420 mi. at $1650....... $693,000
Span construction, 92 mi. at $2600 ...................... 239,200
Steel bridges, 4 mi .................................... 36,000
Section breaks............ 6,600
Additional for curved track, 100 mi. at $300...... 30,000

1,004,800
Track bonding:
624 mi. at $450........... 280,800

Substations:
14 substations, 56,000 kv-a .............................. $616,000
3 portable stations, 6000 kv-a. (complete) ............... 96,000

712,000
Rolling stock:

14 motor cars, $18,000............ $252,000
10 passenger locomotives, $45,000 ....................... 450,000
43 freight locomotives, $50,000...... 2,150,000
11 switching locomotives, $35,000 ......... .............. 385,000

3,237,000
Changing block signals and telegraph (468 mi.) ........................... 561,600
Engineering and supervision, 5 per cent ................................ 431,716
Contingencies, etc., 10 per cent ........................................ 905,964

Total.................................................... $9,972,000
Credit for steam equipment:

140 locomotives ....................................... $2,520,000
241 coal cars .......................................... 241,000
14 passenger cars .................. ................... 112,000

Give credit for, say, about 70 per cent of new value.......... 2,873,000 2,012,000

Net estimate.........$. 7,960,000
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The figures given apply to the intermountain regions of the
West. As the actual construction cost was available of a high-
tension steel tower line parallel to a railroad, the material being
distributed by work trains of the railroad, the estimate for this
item given should be very close. The trolley line and substation
estimates were based upon interurban construction cost of two
lines in the West, a liberal allowance being made for the heavier
work needed for trunk lines. No item is shown for electric shop
machinery, as credit for steam locomotive shop machinery will
offset this expense.

COMPARATIVE COST OF MAINTENANCE AND OPERATION BY STEAM
AND ELECTRIC POWER

Having determined the amount of traffic of the railroad, and
the number of trains necessary to handle it by steam and
electric locomotives, the comparative cost of operation by steam
and electric power will now be given.
While the bookkeeping methods are different on different rail-

roads, the items into which the various maintenance and opera-
ting expenses are divided are the same, as the instructions of the
Interstate Commerce Commission are followed. There are six
general subdivisions into which the maintenance and operation
expenses of a railroad are divided, as follows:

I. Maintenance of Way and Structures.
II. Maintenance of Equipment.
III. Traffic Expenses.
IV. Transportation Expenses.
V. General Expenses.
VI. Taxes.
The above headings are subdivided into numerous accounts.

Traffic and General Expenses would not be affected by the kind
of motive power and they will not be considered. For con-
venience in making the comparison between the steam and elec-
tric operating costs, the first heading will be divided into three
parts and the second into two parts. The general headings will
then be as follows:

A. Maintenance of Way and Structures.
B. Maintenance of Overhead Structures and Substations.
C. Depreciation of Overhead Structures and Substations.
D. Maintenance of Equipment.
E. Depreciation of Equipment.
F. Transportation Expenses.
G. Taxes.
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The above headings are subdivided, as shown below, into 50
items or accounts. Tables XIV to XX below give the compara-
tive steam and electric operating expenses of the 467-mile rail-
road considered.

TABLE XIV
MAINTENANCE OF WAY AND STRUCTURES

Steam Electric Steam Electric

Per cent Per cent
1. Ties ............................ 100 92.5 $163,800 $151,515
2. Applying ties.100 92.5 46,800 43,290
3. Rail and other track material....... 100 85.0 93,600 79,560
4. Applying rail and other track material 100 85.0 32,760 27,846
5. Maintenance and care of track .... 100 85.0 154,400 131,240
6. Maintenance and care of roadbed... 100 100.0 74,880 74,880
7. Signals.100 70.0 23,400 16,380
8. Telegraph........ 100 120.0 11,700 14,040
9. Engine house and shops........... 100 50.0 23,400 11,700
10. Fuel and water stations...... 100 0.0 23,400 000
11. Roadway tools and supplies... 100 92.5 23,400 21,645

Totals .......................J..$671,540 $572,096

TABLE XV
MAINTENANCE OF OVERHEAD STRUCTURES AND SUBSTATIONS

Steam Electric
operation operation

12. Maintenance of trolley line:
Bracket construction, 420 mi. at $100...... 000 $42,000
Span construction, 92 mi. at $120. .......... 000 11,040
Steel bridges, 4 mi. at $60 .000 240

13. Maintenance of high-tension line, 450 ml. at $50.000 22,500
14. Maintenance and inspection of substations .000 7,450
15. Track bonding, 624 mi. at $20 .000 12.480

Totals. 000 $95,710

TABLE XVI
DEPRECIATION OF OVERHEAD STRUCTURES AND SUBSTATIONS

Steam Electric
operation operation

16. Trolley wire:
Copper, $304,200 at 4 per cent .000 $12,168
Steel trolley, $49,920 at 5 per cnt.000 2,496

17. Feeder wire, $234,000 at 1 per cent .000 2,340
18. Poles and fixtures, $968,000 at 5 per cent .000 48,400
19. Steel bridges, $36,000 at 3 per cent .000 1,080
20. Track bonding, $281,000 at 4 per cent .000 11,240
21. High-tension line, including copper, $2,250,000 at 2 per

cnt.000 45,000
22. Substations, $712,000 at 3 per cent .000 21,360

Totals.000 $144,084
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TABLE XVII
MAINTENANCE OF EQUIPMENT

Steam Electric
operation operation

23. Passenger locomotive repairs:
Steam, 1,559,828 miles at lOc.$155,983
Electric, 1,073,867 miles at 4c$48,324

24. Freight and switching locomotive repairs:
Steam, 2,884,724 miles at 14c ........................ 403,861
Electric, 1,828,875 miles at 6c . .109,732

25. Electric motor car repairs:
Electric, 971,922 miles at 3c ......................... 000 29,158

26. Passenger car repairs:
Steam, 13,661,220 mi. at 1.2c........ . 163,935
Electric, 12,735,580 mi. at 1.. 2c . .152,827

27. Freight car repairs:
46,500,000 car miles, at 0.6c ........................ 279,000 279,000

28. Coal cars (company coal):
3,850,000 car miles at 0.6c .......................... 23,100 000

Totals...........$1,025,879 $619,041

TABLE XVIII
DEPRECIATION OF EQUIPMENT

Steam Electric
operation operation

29. Depreciation of locomotives,(steam, 3 per cent).$75,600
(electric, 2 per cent) ... $59,700

30. Depreciation of motor cars, 2 per cent .000 5,040
31. Depreciation passenger cars released, 3 per cent. 3,360 000
32. Depreciation coal cars released, 3 per cent. 7,230 000

Totals.. $86,190 $64,740

The steam operating expenses given in Tables XIV to XX are
based upon actual steam railroad operation and the following
remarks will show how the electric operating expenses were com-
puted.

Ties. A comparison of the tie renewal cost of different rail-
roads with different tonnage, at first glance, may seem to show
no relation between tie renewals and ton mileage per mile of line.
However, a careful study will show that upon railroads of light ton-
nage the tie renewals depend more upon how long the tie will last
without rotting, while upon railroads of very heavy tonnage, it
will be found that the ton mileage per mile of line is the most
important factor in the tie renewals. The exact amount of ton-
nage which will cause the tie to wear out before it has rotted de-
pends upon the character of the soil, kind of tie, whether treated or
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TABLE XIX
TRANSPORTATION EXPENSES

Steam Electric
operation operation

33. Engine and motormen on switching locomotives:
Electric, 70 per cent of steam.$50,000 $35,000

34. Engine and motormen on passenger locomotives:
Steam, 1,559,828 miles at 8c.124,786
Electric, 1,073,867 miles at 8 c . .85,909

35. Engine and motormen on freight and work locomotives:
Steam, 2,262,250 miles at lic..... 248,848
Electric, 1,329,764 miles at llc. 146,275

36. Enginemen and motormen on helper locomotives:
Steam, 225,475 miles at 12c......... 27,056
Electric, 76,241 miles at 12c . .9,149

37. Car motormen:
462,820 miles at 2c ................................. 000 9,256

38. Conductors and brakemen in switching service ............. 90,000 90,000
39. Passenger locomotive train crews:

Steam, 1,485,550 miles at 6.8c ....................... 101,017
Electric, 1,022,730 miles at 6.8c . .69,546

40. Motor car trainmen:
462,820 miles at 4c ................................. 000 18,513

41. Freight and work train crews:
Steam, 2,262,250 train miles at 13c ................... 294,093
Electric, 1,328,764 train miles at 13c. 172,739

42. Fuel:
400,000 tons at $2.25 ............................... 900,000 000

43. Purchase of power:
90,000,000 kw-hr. at 0.75c....... 000 675,000

44. Water...... 52,000 000
45. Lubricants ........................................... 14,000 6,000
46. Other locomotive supplies ............................... 23,000 16,100
47. Engine house expenses, locomotives:

Steam, 40,000 locomotives at $2.50.100,000
Electric, 14,000 locomotives at8 0c. 11,200

48. Engine house expense, motor cars:
3,000 motor cars at 5Oc.000 1,500

49. Signal operation .40,000 35,000

Totals .......................................... $2,064,800 $1,381,187

TABLE XX
SUMMARY-OPERATING EXPENSES

Steam Electric
operation operation

A. Maintenance of way and structutes..... $671,540 $572,096
B. Maintenance of overhead structures and substations ...... 000 95,710
C. Depreciation of overhead structures and substations 000 144,084
D. Maintenance of equipment........ 1,025,879 619,041
E. Depreciation of equipment .............................. 86,190 64,740
F. Transportation expense........ 2,064,800 1,381,187
G. Taxes . . 31,551

Totals .$3,848,409 $2,908,409

Steam operation expenses...........$. $3,848,409
Electric operation expenses ................................... 2,908,409

Annual saving effected by substitution of electric power . $940,000
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untreated, and a number of other varying quantities, and therefore
can hardly be definitely determined for all conditions. In the
table above, it was assumed that 50 per cent of the tie renewals was
proportional to the ton mileage per mile of line, while the other
50 per cent was not affected by the tonnage. As the electric ton
mileage was only 85 per cent of the steam ton mileage, the esti-
mate of the electric tie renewal cost was (85 per cent X 50 per
cent + 50 per cent) = 92.5 per cent of the steam tie renewal cost.

Rail and Track Maintenance. Experience has shown that
the wear and tear on the rails, fastenings and other track material,
as well as the cost of the maintenance and care of the track
proper, varies according to the traffic handled over the road.
Also the locomotives, on account of the greater weight on the
axles, have been found to cause more damage to the track per ton
than the cars. As there is less ton mileage per mile of line by
electric operation than by steam, on account of the electric
locomotives being lighter and fewer being necessary, as fewer
electric freight trains are operated, it is reasonable to expect
that the damage to the track will be much less by electric opera-
tion than by steam operation. It has been definitely shown in
steam operation that if a larger steam locomotive is continuously
operated over a division, additional labor will be required on
the track of that division. The cost of rail and other track
material and the maintenance and care of the track in above esti-
mates was assumed to be directly proportional to the ton mileage.
The greater damage per ton by the locomotive was ignored, as
it was desired to make a conservative estimate.

Maintenance and Care of Roadbed. This account includes such
items as cleaning ditches, sloping cuts, removing slides, cutting
weeds, protection of the roadbed from water, etc., and will not
be affected by electric operation. It is included in the above
table and mentioned here in order that it will not be confused
with the track maintenance.

Signals and Telegraph. The cost of the signal system main-
tenance, which by steam operation is operated by storage bat-
teries, would be considerably reduced, as no battery expense
would be necessary, while on the other hand the telegraph line
maintenance would cost more, on account of the interference of
the trolley and high-tension line circuits.

Engine Houses and Shops. This expense will be much reduced
by electric operation, both because there will be no smoke and
gases to contend with and because fewer electric locomotives
will be handled.
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Locomotive Fuel and Water Stations. These items will, of
course, not be necessary for electric operation. However, if
water-cooled transformers are used, a portion of the water sta-
tion expense will be necessary.
Roadway Tools and Supplies. Half of this item is assumed to

be independent of electrification, the other half is assumed to
vary as the ton mileage, as the track maintenance expenses will
be greater if the traffic is greater, and by electric operation the
ton mileage would be less than by steam operation.

Maintenance of Overhead Structures. The typical arrange-
ment of the overhead structures proposed, where there are no
yards, is to have high-tension steel tower line paralleling the
track and the bracket arm type of trolley construction, with wood
poles and one feeder wire. The figure of $150.00 per mile used
to cover the maintenance and inspection was based upon the
present cost of steel tower, wood pole and interurban trolley
line maintenance in this western section, an allowance being
made for the more expensive maintenance cost of the heavier
construction needed on a trunk line railroad. The same men are
to be used to look after both the high-tension and trolley lines.
The figures given above for the span and steel bridge construc-
tion were estimated in like manner.

Maintenance of Substations. No attendants were considered
necessary, as it is assumed that the inspection and light main-
tenance could be done by the linemen. In case of accident, the
trouble department would take hold, as is now done by the wreck-
ing crew on steam railroads, portable substations being provided
in case of a complete shut-down.

Depreciation of Overhead Structures and Substations. In addi-
tion to the maintenance of the overhead structures and substations
there is also the depreciation and renewal expense, and Table
XVI shows the percentage used in this estimate.

Locomotive Repairs. Experience has shown that the repair
expense of an electric locomotive is much less than that of a
steam locomotive, which should be the case, as there is no boiler,
firebox, smoke stack or tender on an electric locomotive, as has
been stated before.

Also, there are operating factors entering into the repair
cost which should be considered. Table XXI below gives some
cost data of a Western railroad, which will be useful in showing
the effect of different operating factors on the repair expense.
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TABLE XXI

! Total Miles Annual Repair
II U weight Weight Average Number per year repair cost per

Class of locomotive with on ilumber of per loco-, cost of locomo-
loaded drivers of loco- years motive each tive
tender pounds motives record locomo- mile
(tons) tive

Passenger locomo-
tives,Atlantic type 165 105,000 11 8 yrs. 60,500 $4200 6.95c

Passenger locomo-
tives, Pacific type. 192 141,000 7 8 yrs. 65,100 5550 8.52c

Freight locomotive
Consolidated sim-
ple type .......... 159 178,000 5 9 yrs. 23,500 2500 10.67c

Freight locomotive
consolidated sim-
ple type......... 185 187,000 63 5 yrs. 30,300 3845 12.69c

Helper locomotive
Consolidated com-
pound type....... 155 165,300 15 6 yrs. 14,500 2785 19.21c

Switch locomotive
lO-wheel type. 110 140,000 13 9 yrs. In 1950 -

service
4750
hours
per yr.

The above figures are averages of several years, but since the
cost of both labor and material has greatly increased during the
last few years, the averages shown are somewhat less than what
the actual cost now is. The annual repair cost of the high-speed
steam passenger locomotives is shown above to be much higher
than the low-speed freight locomotives, but the locomotive-miles
per year of the passenger locomotives is so much greater than the
annual mileage of the freight locomotives that the cost per loco-
motive-mile-which is really a measure of the cost of train opera-
tion-is considerably less for the passenger locomotives. It will
also be noted that the repair cost seems also to vary with the
weight of the locomotive, and especially the weight on the drive
wheels.
The high cost shown for the helper locomotives resulted from

three causes. The annual mileage was very low. The engines were
used on the maximum grades and consequently when ascending
these grades were stressed to their maximum and also required
full braking when descending these heavy grades. The more
complicated mechanism of compound engines is also more ex-
pensive to maintain than that on simple engines.
Thus the cost of locomotive repairs varies according to kind
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of service, class of engine, grades, mileage, etc. A study of the
repair cost details shows that they are in many cases affected by
local conditions. Thus the kind of water available, especially
in some sections of the West, where considerable alkali water is
present, may cause the boiler maintenance expense to become
very large. The following is an estimate of the relative repair
cost of steam and electric locomotives for the road considered,
it being assumed that only a small amount of alkali water is used
in the locomotives.

Locomotive
repair expense

Steam Electric

Per cent Per cent
Boiler, firebox, tender, smoke stack.......... 38 0
Running gear and machinery ... .......................... 62 45

Total ......................... ................ 10045

The steam locomotive percentages segregated above were
estimated from a study of the details of the repair expense of one
railroad with conditions similar to the road here considered. The
method of keeping the records made it impossible to get an ab-
solute segregation of the costs, but I believe the above is a fair esti-
mate. The electric locomotive percentages were estimated from
the steam records. The running gear repair expense was con-
sidered the same for both locomotives. The maintenance ex-
pense of the control apparatus and electrical equipment is not
high on most modern electric locomotives, and it is reasonable to
expect it to be less than the steam machinery costs, and it was
considered so in the above estimated segregation. The painting
and other miscellaneous expenses will not be any greater with an
electric locomotive and probably will be a little less. The final
results consider the electric locomotive repair expense to be
only 45 per cent of the steam locomotive repair expense for the
road here considered. The reliability of this estimate will now
be checked by giving some actual figures of the relative repair
cost of steam and electric locomotives.
The published figures of the N.Y.C. & H.R.R.R. (Vol.61,

A.S.C.E.) show that the steam locomotives cost $1842.00 for
repair during 335 days, while the electric locomotives only cost,
during 350 days, for the same service, $704.00. The electric
locomotive repair cost on the N.Y.C. & H.R.R.R. is thus only
36.5 per cent of the steam locomotive repair cost. Another
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set of published figures gives for 1908 the cost per locomo-
tive-mile as 2.83 cents for New York Central electric loco-
motives, and between 26,000 and 27,000 locomotive-miles as the
annual mileage of 35 locomotives. The Interstate Commerce
Commission records for 1908 show 8.2 cents per locomotive mile
for all steam engines of the N.Y.C. & H.R., with annual mileage
of 28,950 per locomotive, the annual passenger locomotive mile-
age being 38,400 and the annual freight locomotive mileage being
21,000 per locomotive. The cost per locomotive-mile segre-
gated between passenger and freight service was not given. The
1912 New York Central electric locomotive repair cost published
is 3.34 cents per locomotive-mile.
The figures published by Mr. Gibbs of the Pennsvlvania R.R.

give the electric locomotive repair cost as 5.91 cents per loco-
motive-mile, the New Jersey Division steam locomotive repair
cost as 8.83 cents per locomotive mile, and the average of steam
locomotives for all divisions of the Pennsylvania as 11.9 cents per
locomotive-mile. The electric locomotive repair expense is thus
only 67 per cent of the steam expense on the New Jersey Division
and only 50 per cent of the steam repair expense on all divisions.
The annual mileage of the electric locomotives was 26,000,
28 per cent of which was switching. The steam mileage is not
given, but from Interstate Commerce Commission reports for
1910 it is shown as 27,610 for the whole road.
The extremely heavy grades on the electrified section of the

Pennsylvania railroad of course make the repair cost of the elec-
tric locomotives considerably higher than if they were operated
over a section with the grades as low as the average of the whole
road, and consequently the relative cost of steam and electric
locomotive repairs will be even less than shown. The electric
locomotives of the P. R.R. are also much more powerful than the
steam locomotives.

All things considered, it is probable that the electric locomotive
repair cost will be even lower than 45 per cent of the steam loco-
motive repair cost, which was estimated above for the road con-
sidered, and used in making the comparative estimate of steam
and electric operating expenses. For the road considered, the
repair expense for steam passenger locomotives was taken at 10
cents per locomotive-mile, and steam freight, helper and switching
locomotives 14 cents per locomotive-mile, which figures were
based on the present locomotive repair costs on a Western railroad
where similar conditions exist. The electric locomotive repair
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expense will thus be 4.5 cents per locomotive-mile for passenger
locomotives and 6 cents per locomotive-mile for freight service.
The helper locomotives are more expensive to maintain than
road engines, but, on the other hand, the switching locomotives
cost less. The freight, helper and switching locomotives were
combined in order to simplify computations.

Electric Afotor Car Repairs. There are numerous data available
on the repair cost of motor cars and 3 cents per car-mile, exclusive
of inspection, which is included under the head of engine-house
expenses, was used in the above estimate.

Passenger and Freight Car Repairs. These items will decrease
by electric operation, as some passenger cars would be released
by the use of electric motor cars, and in like manner the freight
car repairs account is decreased by electric operation on account
of no coal cars being used for hauling locomotive coal, as power is
purchased.

Depreciation of Locomotives. An electric locomotive will have
a longer life than a steam locomotive, and thus the rate of de-
preciation will be less. However, the electric locomotive usually
costs so much more than a steamn locomotive that the actual de-
preciation charge per locomotive is generally greater in the case
of the electric locomotive. On the other hand, the number of
steam locomotives required to handle a given traffic is in most
cases much greater than the number of electric locomotives re-
quired and, consequently, the total depreciation is generally
greater for steam operation. The statement below shows the
depreciation percentages used in the above tables. The steam
locomotive figures were obtained from the auditing department
of a western line. The electric figures were estimated, and al-
though the modern electric locomotive has been in use only half
the time allowed below for its life, I think past experience justifies
the expectation of the life allowed. In any case, I do not believe
there is any question as to the relative life of steam and electric
locomotives.

Steam Electric
locomotive locomotive

Per cent Per cent
First cost of locomotive. 100 100
Salvage value when worn out .20 30

Total cst. 80 70
Estimated life .261 yr. 35 yr.
Annual depreciation.3% 2%
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Depreciation of Passenger and Freight Cars. The following
statement shows the methods used and the percentages esti-
mated for these items:

Passenger Steel freight
cars cars

Per cent Per cent
First cost ............................................ 100100
Salvage value ............................................ 15 20

Total cost............. 85 80
Estimated life ............... 28* yr. 261 yr.
Annual depreciation .............................. 3%. ..3%

Enginemen and Motormen. The wages of the motormen on
the electric locomotives were assumed to be the same as those of
the enginemen on the steam locomotive, but the motormen on
the electric motor cars were taken as equal to about what would
be paid for trolley car service. Although no fireman is needed
on electric locomotives, two men were assumed necessary for all
electric road and helper locomotives; but on switching locomo-
tives, which have a conductor, and sometimes two or three switch-
men, only a motorman was allowed. When two electric loco-
motives are used on a helper district to assist the road locomotive,
only one crew was allowed, as the electric helper locomotives,
being equipped with multiple-unit control, can be operated by
one crew.

Trainmen. The reduction in this item is caused by operating
fewer freight trains and in the case of the motor car trains a
smaller train crew will be required than in the case of a steam train.

Fuel Expense. All coal used on a steam locomotive is not
utilized in hauling trains but a good deal is wasted by radiation
while the locomotive is standing on sidings, imperfect combustion
in the firebox, starting fire, etc., and the loss of energy is very
much greater than would be the case in a steam-electric plant
generating power for electric operation of a railroad. The figures
published by Mr. W. S. Murray in a discussion* in
November, 1907, indicate that it requires about double the
coal for operation of the steam locomotives of the N. Y. N. H.
& H. R.R. that it does to generate power in a steam-electric
power plant for operation of its electric locomotives in the same
service.

There are few railroads where coal is obtained for less than from
$2.00 to $2.25 per ton and some pay more than double the high-

*TRANS. A. I. E. E., Vol. XXVI, 1907, p. 1680.
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est figure mentioned. For the road here considered, coal will be
estimated to cost $2.25 per ton and be delivered at terminal No. 4.
The quantity of coal is the same as the actual amount used on

a steam railroad for all classes of service where conditions are
similar to those here discussed.
The hauling of the locomotive coal over the railroad's own line

is a very important item, as it amounts to 174,000,000 ton-miles,
as it was assumed to be delivered to the railroad at terminal
No. 4 at the east end of the line. In this connection, attention
should be called to the fact that if some section of the railroad
toward the west was considered for electrification, the cost of
hauling the coal over the other portion of the lite should properly
be considered in connection with electrification estimates. For
the case here considered, the cost of hauling the coal is taken care
of by allowing fewer train-miles, fewer locomotive-mLLiles and fewer
ton-miles, in the figures given for electric operation.

Electric Power. The quantity of electric power needed was
computed from the grades, train weights, speed and other neces-
tary data. The average power for a train of two motor cars and
trailer, making stops every six or eight miles, was taken at 40
watt-hours per ton-mile. The passenger locomotive trains were
allowed 31 watt-hours per ton-mile. The freight trains were
allowed 25 watt-hours per ton-mile and the switching locomotives
were allowed 45 watt-hours per ton-mile.
As stated above, the power is to be purchased and delivered

into the railroad's high-tension transmission line at terminal No.
3. The rate to be paid for electric power in any locality depends
upon the local conditions, the load factor, cost of coal, etc.
The load factor on most of the present electrically operated

railroads is generally very low. This will not be the case when the
long trunk lines of railroad are electrically operated, as the heavy
through passenger and freight trains operate night and day, and
although there will be peaks in the load curve, I am inclined to
believe that the power required to operate the railroad during
different times of the day or year will be surprisingly uniform.
As an example, take the railroad considered: The greatest

number of trains upon the line at one time on the maximum day
of the year would be four motor car passenger trains, five through
passenger trains and 18 freight trains. Some of these would be
operating against grades and others would be running down grades.
The maximum power on five-minute peaks for operating these
trains should not exceed about 20,000 horse power. The average
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load for the year would be 13,700 horse power. Considering the
annual load factor equal to the ratio of the average load of the
year to the maximum five-minute peak, the annual load factor
for the above railroad would thus amount to 68.5 per cent.
Allowing for emergencies and delayed trains, the load factor
should not get lower than 60 per cent.
On the basis of coal at $2.25 per ton and a load factor of 60

per cent, there should not be much trouble in purchasing electric
power at 0.75 cent per kw-hr., which figure was used in above
estimates. However, at most points, a very high grade of coal
is required for use on the locomotives, whereas a steam-electric
plant can be designed so that slack or any of the low-cost grades
of coal could be used. In the intermnountain section of the West,
the cost of slack coal is less than half that of run-of-mine coal,
which is used for locomotives, and in a steam plant slack coal is
nearly as efficient as run-of-mine coal.

In many sections of the West, the development of numerous
hydroelectric plants at extremely low construction cost has made it
possible to obtain power at some points at considerably lower co9t
than 0.75 cent per kw-hr., mrhich was used in the above estimate.
For instance, the Great Falls Power Company has made a rate
of 0.536 cent per kw-hr. to the Chicago, Milwaukee & Puget
Sound Railway, and agrees to construct some of the high-tension
lines.

Engine House Expenses. The steam engine house expenses
would be very much reduced if the road were electrically operated,
for two reasons. There would be fewer inspections necessary
with electric locomotives, and the nature of the engine house
work is such as to require much less expense with electric loco-
motives, as there is no boiler washing, firebox cleaning, ash pit
expense, etc., with electric locomotives.

It is customary to clean the firebox and give the steam loco-
motive a thorough inspection after each run, although boiler
washing is only done after two or three runs, depending upon the
quality of the water obtained. The practise with electric loco-
motives is to give them an inspection after a certain mileage,
which ranges from 1200 to 2500 miles on different roads, as
explained before. For the road here discussed, an allowance
was made for an inspection of the electric locomotives after every
round trip, which would mean an inspection after the locomotive
had made a little over 300 miles. Possibly this allows too high
an expense for the electric locomotive, but the estimates will be
conservative.
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It would be necessary to lhandle through the engine house at the
terminals annually about 40,000 steam locomotives, or 14,000
electric locomotives, which in both cases contains an allowance
for contingencies which always happen. Fewer electric loco-
motives are handled also because there are fewer electric than
steam trains.
The cost per steam engine handled varies according to local

conditions and other things. In the above estimates $2.50 per
steam engine handled was allowed, which is based on actual opera-
tion costs where conditions are similar to the road discussed. The
details of this, together with the estimated cost of handling elec-
tric locomotives, are shown in Table XXII below.

TABLE XXII

ENGINE HOUSE EXPENSES

Steam Electric
locomotives locomotives

Per cent Per cent

Engine house foreman.1 .3 1.3
Electric inspectors.0.0 2.0
Hostlers and helpers.7.0 6.0
Engine crew callers ....................................... 2.3 2.3
Wiping and cleaning ...................................... 16.7 11.7
Boiler washout ........................................... 42.2 0.0
Cleaning flues ............................................ 3.6 0.0
Stack inspectors .......................................... 1.0 0.0
Supply men.... ........................................ 2.7 2.7
Firing up engines ......................................... 2.8 0.0
Sanding engines .......................................... 1.3 1.2
Turntable (hand) ......................................... 5.4 5.1
Sweepinlg engine house .................................... 1.2 1.0
Fueling engines.......... 2.4 0.0
Cleaning fire boxes, etc. 5.4 0.0
Cleaning ash pits ......................................... 4.7 0.0

Totals ............................................. 100.0 '333

Thus it is estimated that it only costs one-third as much to
handle an electric locomotive through the engine house as it
takes to handle a steam locomotive. At $2.50 per locomotive
for steam operation would mean about 80 cents per locomotive
for electric operation.
The New York Central figures published by Mr. Wilgus in

Vol. 61, A.S.C.E., give $3.37 per day for steam locomotives and
55 cents for electric locomotives, or the electric cost of engine
house expenses only 16.3 per cent of the steam.
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RETURN ON INVESTMENT
The estimated cost of the electrification of the 467-mile rail-

road considered above was $7,960,000. The return on this
investment on account of the saving in operating expense was
estimated at about $940,000 per year. The interest earned on
the money used for the electrification of this road would thus be
11.8 per cent. If it is necessary to borrow the money for this
purpose, and if it can be obtained at 5 per cent interest, there
would remain a profit to the railroad of 6.8 per cent of the net cost
of electrification.

Besides this increase in the railroad's revenue, it will generally
be possible by operating a frequent local passenger train service
with frequent stops to increase the passenger earnings and add
considerably more money to the net revenue of the railroad.
There are very few localities where local passenger trains are
now operated which would not at least add $500.00 per year
per mile of line to the gross revenue if frequent interurban cars
were substituted for the local steam train. This, of course, will
depend upon the density of the population, local conditions, etc.
However, the increase in passenger revenue may, under the con-
ditions in many localities, amount to several thousand dollars
per year per mile of line, and is a very important consideration
wherever electric operation is proposed. At the rate of only
$500.00 for the 467-mile railroad considered, the increased
passenger revenue would amount to $233,500.00 per year, which
would add materially to the revenue resulting from electrifica-
tion.

CONCLUSIONS
As stated at the beginning, the great objection to the elec-

trification of steam railroads is the heavy expenditure involved,
while the chief reason for considering the electric operation of
steam railroads, aside from some special conditions at local
points, was to increase the net earnings of the road. It was
further stated that the answer to the question of whether the
increased net earnings which would result from the electric
operation would be great enough to pay interest on the cost of
electrification, and besides leave a profit, could only be had by
making a careful investigation of each individual road.
The example taken above was not chosen to favor electric

operation but was taken to show actual conditions. It will be
noted that the quantity of traffic assumed was comparatively
small, which of course does not favor electric operation. The
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data given above, which will be found similar to those on many
steam railroads, show that the traffic on many of the trunk rail-
roads now operated by steam locomotives could be more econom-
ically handled by electric locomotives. The fact that, electric-
ally operated, the road considered above could handle the same
traffic with about 25 per cent less train mileage and locomotive
mileage than when operated by steam, and with 15 per cent less
ton mileage and about half as many locomotives as are needed
for steam operation, is certainly deserving of serious considera-
tion.
The overload characteristic which makes it possible for the

electric locomotive to haul heavier freight trains over the short
heavy grade sections than can be done by steam locomotives was
illustrated above, and would indicate that considerable money
now expended upon grade reductions of steam railroads would not
be warranted if the road were electrically operated.

There has been considerable discussion lately as to the ad-
visability of each railroad company building a power plant of its
own, or else purchasing power from a central power company
for railroad operation. One advantage of purchasing power is
that the load factor of the large power companies' plants is
usually high, whereas on most railroads now operating by electric
power the load factor of the railroad power plants is generally
low and, consequently, cost of generating power in the railroad
plants is high. However, on the other hand, the load factor of a
long trunk line will probably be high and the advantage of high
load factor in a power company's plant will in many cases dis-
appear.
The most important advantage in favor of railroads purchasing

power for electric operation is that the heavy investment neces-
sary for electrification would be reduced. It appears to me that
the relative advantages of purchasing or generating electric
power will have to be determined by local conditions. The com-
petition between various railroads would, of course, be a very
important consideration and is probably one of the principal
objections to the purchasing of power from central stations.
However, if a long time contract could be made with a power
company at a low rate, it would have many advantages.
Another important point is suggested in connection with the

electrificationof steam roads and supplying electric power for
them, which should be mentioned before closing this paper. At
many points in the country, large steam-electric central stations
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have been constructed and at the present time the amount of
coal hauled from the mines to these central stations has become
very large. It is also absolutely necessary that nothing delay
the delivery of coal to the central stations, as the business of a
whole commiunity could be easily tied up if the electric power
supply were cut off. Consequently, if in providing for future
power at such points as Chicago and New York, steam-electric
plants be constructed at suitable points in the vicinity of the coal
mines of Indiana, Illinois and Pennsylvania, and high-tension
lines be constructed from these new plants to Chicago and New
York, the providing of additional railroad facilities for power
plant coal hauling would not be necessary. Also, the present
steam plants would insure a power supply at the distributing
points during the short interruptions which occur on high-tension
transmission lines.
The advantage of this arrangement to the railroads would be

that if the high-tension lines were constructed upon the right
of way of the railroad lines, the railroads could obtain electric
power for their substations, when the roads were ultimately
electrified, without the heavy expense of constructing high-ten-
sion lines of their own. The question as to whether the railroads
should own the whole or a part of the power companies, is, of
course, a matter which will have to be determined by local condi-
tions.
Where water power is plentiful, as is the case in many sec-

tions of the West, the advantage of being able to tie in isolated
hydroelectric plants, located at points where there is only a small
market for power, to a network of high-tension lines on the rail-
road rights of way extending to localities where there is a market
for power, is evident. Also the chief objection to the electrifica-
tion of steam railroads (the heavy first cost) would be made of
less importance by this arrangement.
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DISCUSSION ON "2400-VOLT RAILWAY ELECTRIFICATION"
(HOBART) AND " TRUNK LINE ELECTRIFICATION" (KAHLER).
NEW YORK, MAY 20, 1913.

A. H. Armstrong: The two papers presented before the In-
stitute at this meeting arrived at the same happy conclusion as
to the benefits to be secured in the electrification of steam
roads, but differ as to the means of securing this end. In other
words,one paper advocates the single-phase and the other the
direct-current motor. Instead, therefore, of following the usual
procedure of side-stepping the question of single-phase versus
d-c., I will confine my remarks to a broad discussion of this
question as affecting the general subject of electrification.
We seem to be entering an era of electrification of steam roads,

and perhaps the enthusiast for single-phase alternating trolley
operating at high potential may be unduly influenced in drawing
his conclusions by reason of the small tonnage carried on some
of the lines where electrification is proposed. A high-voltage
trolley means a minimum expense for copper and substations,
but an increased cost of motive power. Looking at the matter
broadly and considering that the investments made today should
be based upon taking care of the traffic of to-morrow, it is reason-
able to figure the first cost of electrification of any given road on
the basis of an increase of 50 per cent or 100 per cent over the
present tonnage now carried.

It is a well known fact that the cost of locomotives equipped
with single-phase a-c. motors is higher than that of locomotives
equipped with direct-current motors capable of doing similar
work. When the total expense for motive power is small, that
is, when the road is carrying a small tonnage and trains are in-
frequent, the high cost of locomotives does not become burden-
some, but with increase in traffic continually demanding larger
investment in motive power, the handicap of the single-phase
motor is more keenly felt, and may soon overbalance the apparent
initial saving in feeder copper and substation expenserequired
with the use of the direct-current motor. On the other hand the
substation and line copper expense is more or less proportional
to the tonnage and speed of the moving train and is seldom in-
fluenced by the frequency of this train service. In other words,
the capital invested in substation and feeder copper to take care
of the movement of ten 2500-ton trains per day is generally great
enough to permit the movement of twenty trains per day of equal
tonnage. The feeder copper and substation installation therefore
constitutes more or less of a fixed capital investment subject to a
slight increase with increase in tonnage, while the locomotive
investment increases with the tonnage, or even faster when track
congestion commences to be a factor. We are quite liable, there-
fore, to turn the apparent saving of to-day into an increasing
burden of expense in the future with the increase in tonnage
which may be expected on our trunk lines. Should the selec-
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tion of the single-phase system be based upon the apparent saving
.in first cost with present tonnage, the same reason may not hold
if based upon the same road, carrying double the tonnage. In
other words, in balancing substation and feeder copper expense
against locomotive expense we are comparing what is more
or less of a fixed investment against one that will increase in
due proportion to future increased tonnage.
The company with which I am associated, in common with

other investigators, has been for several years developing a
piece of apparatus known as the mercury vapor rectifier, and
the successful development of this rectifier will open up in-
creased possibilities which we hope will accelerate the electri-
fication movement. When developed, the rectifier affords the
most efficient means known of changing from alternating to
direct current. The glass tube of 10 or 15 kw. has expanded
into a steel rectifier of over 1000 kw. as it stands developed
to-day, and no immediate limits are in sight as to the ultimate
capacity of this piece of apparatus. While the rectifier is still
in the laboratory stage so far as its actual commercial use is
concerned, it holds promise of being available in the immediate
future and its success will have a bearing upon the electrification
work of the future.

There are two methods of using the rectifier.
First, it can be placed upon a locomotive equipped with direct-

current motors and transformer used in connection with 11,000-
volt single-phase trolley distribution system. In this case the
rectifier will operate single-phase, will produce a current that is
unidirectional, but the pulsating character of the current may
demand special construction of the d-c. motors. The single-
phase step-down transformer will also be special in character in
order to provide for the needs of the rectifier.

In general the advantage offered by the use of the rectifier
on the locomotive lies in the possibility of using direct-current
motors instead of single-phase, and thus obtaining the admittedly
better constants of that type of motive power. I know no
authority who will question the superiority of the direct-current
motor over the single-phase a-c. motor as applied to traction work,
and the rectifier placed upon the locomotive itself combines the
good qualities of the d-c. motor on the locomotive with all those
advantages claimed for the single-phase high-tension trolley
distribution.

Second, the rectifier may be placed in substations located at
the most desirable points along the right of way. In this case
the rectifier will use balanced three-phase energy of any fre-
quency, taking energy equally from all three legs of the circuit,
and by using a multi-phase rectifier it will result in giving direct
current in which the fluctuations are largely eliminated. This
will enable such a rectifier substation to feed standard direct-
current motors and will moreover provide a balanced three-
phase load which can be supplied from existing transmission
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systems at any frequency without causing undesirable inter-
ference with lighting and miscellaneous load distribution. The
general advantage of locating the rectifier in the substation is
that its efficiency will probably be from 10 to 15 per cent higher
than that of a motor-generator set, and furthermore the rectifier
is adapted to deliver direct-current energy of any potential re-
quired and is therefore admirably fitted to supply 2400 volts or
higher to the trolley. Furthermore, the substation, being with-
out moving machinery, can be operated with a minimum of
attendance and may show an attractive reduction in first cost
over motor-generator set substations.

Introducing the rectifier substation upsets our preconceived
ideas as to the proper relation of cost of substation and feeder
copper, as the rectifier substation shows a very marked increase
in efficiency, decreased cost of complete substatioln, and we may
even anticipate the time when it can be operated without at-
tendants in such localities as would require no attendance with a
a step-down transformer station. The success of the rectifier
therefore means just as much to the high-voltage direct-current
motor system as to the single-phase trolley.

In conclusion, it seems to me that, looking at the matter
broadly and without enthusiasm but with full knowledge of
the operating facts of to-day and the possibility of the immediate
future, the single-phase commutating motor as such is des-
tined to become more or less a thing of the past. It is even a
grave question whether the single-phase trolley locomotive of
any description, with its interference with neighboring telephone
and telegraph lines, the difficulty and expense of providing
single-phase current without erecting a generating and dis-
tributing system devoted solely to railway apparatus, and with
the high first cost and cost of maintaining the motive power, do
not all together present difficulties which make the single-phase
trolley system undesirable, viewed from the standpoint of the
high-voltage direct-current motor and its possibilities.
While the Butte, Anaconda & Pacific direct-current loco-

motive was designed and is now in commercial operation at 2400
volts, the company constructing it also built and tested high-
potential direct-current apparatus up to 5000 volts with entire
success, and no objection can be raised as to the practicability
of using this high potential if local conditions demand it.
As a final remark I wish to state that as evidence of the pos-

sibility of having the mercury rectifier available in the near
future, there was run at Schenectady during the past week a
test with one of the Butte, Anaconda & Pacific 80-ton loco-
motives and a 1000-kw. mercury vapor rectifier, during which
test no restrictions whatever were placed upon the motor out-
put, such as operating at full load, slipping the wheels, etc. It is
probable that within a few months there will be equipped for
demonstration both a locomotive and a stationary substation
containing mercury rectifiers which will be put into commercial
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operation to secure the active experience needed to make this
type of apparatus commercially available.

F. E. Wynne: In going over Mr. Kahler's paper I noted
his tables on the division of time for steam and electric loco-
motives, Tables IX and X, and thought it would be useful to plot
these (Figs. 1 and 2) so as to show at a glance what might be not
apparent in these tables without study. The values for steam
are actual results, and those for electric locomotives are Mr.
Kahler's estimates.
The top section in each figure represents the time on the

road; the bottom section represents the time spent in the engine
house. It is interesting to note that for the passenger loco-
motives these sections are approximately reversed for electric
and steam operation. On the freight engine the difference is not
so great, although the electric engine makes considerable gain
over the steam. In the freight diagram there is a certain area
representing the time spent in sidings; in other words, the loco-

PASSENGER LOCOMOTIVES FREIGHT LOCOMOTIVES
STEAM ELECTRIC STEAM ELECTRIC

ON ROAD < ON ROAD -

HELPER <- STANDING ON SIDINGS

SPARE HELPER

N SPARE
___\TO AND FAN PROM TRAINS R

SHOPS SHOPS

ENGINE HOUSE L L ENGINE HOUSE

FIG. 1 FIG. 2

motivTes are ready for operation but are not in actual motion
on the road.

Mr. Kahler has used an electric locomotive of much greater
hauling capacity than his steam engine. The steam engine
weighs a total of 185.1 tons with loaded tender, and has a
maximum tractive effort of 43,000 lb. The electric locomotive
weighs 110 tons, all weight on drivers, and has a maximum trac-
tive effort of 55,000 lb. Applying these tractive efforts to show
what can be done on short ruling grades, I have worked out
Fig. 3, for grades from level to a maximum of 4 per cent, showing
the ratio between the maximum tonnages which the electric
and steam locomotives can haul. On level track the electric
engine hauls 38 per cent more than the steam engine, and on a
one per cent grade approximately 50 per cent more. Grades up
to 4 per cent are shown because such grades occur on branches of
existing steam roads. Fig. 3 is based on train friction of 6
lb. per ton for trailing load, 15 lb. per ton for the electric loco-
motive and 25 lb. per ton for the steam engine.



19131 DISCUSSION AT NEW YORK 1231

Mr. Kahler's paper refers to gasoline motor cars and gasoline-
electric motor cars. In this connection I think it is well for us
to remember that most of the comparisons which have been made
between steam locomotive operation costs and the costs of these
self-contained motor cars have considered everything in fig-
uring out the cost with steam, while in giving the cost of the
self-propelled units,nothing is included for track maintenance,
signaling, despatching, or general expenses. So the comparison
is not always a fair one.

I was very much interested in the table in which Mr. Kahler
shows the limiting grades for both electric and steam operation,
and where he shows the tonnage which can be handled in the
various districts with each type of engine.

I think the chief value to be found in Mr. Kahler's paper,
aside from the actual records
of steam operation which he WT. STEAM LOCOMOTIVE +TENDER - 185.1 T
has submitted, is the fact that MAX. TE. STEAM -48000 LB.
he has shown the way to attack 2.O " * ECT-5G_
the problem of ascertaining
whether it will pay to electrify
a steam road; he has shown
how to analyze steam opera- E
tion and estimate the probable
saving by electric operation.
His results are very interesting, °
showing, for electric operation, 1_2
an annual saving of $940,000.00, 125 _ ___ _ __
on a net investment of approxi-
mately $8,000,000.00 or a gross __
investment of approximately 1.00 4
$10,000,000.00. In other words, PER CENT GRADE
if we take account of the FIG. 3 RELATIVE HAULING
salvage for steam locomotives, CAPACITIES OF ELECTRIC AND
the return on the investment is STEAM LOCOMOTIVES ON SHORT
approximately 11 1 per cent, or, if RULING GRADES
the steam locomotives are worn
out and there is no salvage at all, we still have 9' per cent.

Table XXI, page 1216, throws some light on the estimate of
locomotive maintenance made by Mr. Hobart. The figures
given in Table XXI show that maintenance is largely affected by
the class of traffic in which the locomotive is used. In high
speed traffic, where the mileage is great, the cost per engine
mile is lower than with low speed service. With the exception
of those for the helper engine all of the figures given by Mr.
Kahler are below lOc. per mile per 100 tons of engine; the pas-
senger engines show between 4c. and 5c. and the freight engines
between 6c. and 7c.

In Table XXII, a most interesting item is that boiler washout
requires 42 per cent of the steam locomotive's engine
house expenses.
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In connection with Mr. Hobart's paper, I have noticed some
things which steam railroad men may see, and, knowing they
are somewhat unusual for steam operation, may be led to doubt
the value of other figures in the paper.
On page 1153, for a certain class of engine and train, the pounds

of coal per drawbar horse power-hour are determined. When
converted into other units it shows, on a basis of 14,000-B.t.u.
coal, the gross ton-miles hauled are 7.6 for each pound of coal;
and, on a basis of 11,000-B.t.u. coal, 6 gross ton-miles for
each pound of coal burned. These values, I believe, are rather
high, even in passenger service, as I have some records of steam
operation which show that this figure for both freight and
passenger services is between three and a quarter and four
gross ton-miles for each pound of coal burned.
The use of bogey trucks is mentioned for locomotives exceed-

ing 45 miles per hour maximum speed. In this connection it
would be of interest to know what is considered the limit of dead
weight per axle on these leading trucks.
On page 1155, the writer gives some rather high over-all sub-

station efficiencies; 89 per cent for dense service and 78 per
cent for sparse service. These values are high, and if worked
out for the usual load factors, with motor-generator sets and
including the transformers and exciters, these percentages would
be decreased from 7 per cent to 10 per cent. Otherwise, it
is rather hard to account for some of the large differences be-
tween the input and the output of substations on actual roads.

Mr. Hobart informs us that " for a given life of the contact
roller, tests reveal the following relation between the speed
of a pantagraph trolley and the current which can be collected,"
that with speeds varying from 10 to 60 miles per hour the roller
contact collects from 1200 to 300 amperes, respectively. These
figures seem very high, and it would be very interesting to the
Institute to know what life of the contact roller can be secured
with a roller collecting these currents at these speeds, as the
roller is somewhat expensive to renew.
The paper contains an apparent inconsistency in that 34,000

lb. is taken as the drawbar pull for two of these Butte, Ana-
conda & Pacific locomotives, and the corresponding speed is
taken at 14 miles per hour. On the next page the continuous
tractive effort is given as 25,000 lb. each, or a total of 50,000 lb.,
at 15 miles per hour. Evidently this speed of only 14 miles
per hour at 34,000 lb. drawbar pull takes account of the large
line drop that goes with a direct-current installation. On
the other hand, when it comes to estimating the current to be
collected, 2400 volts at the locomotive is the assumed voltage.

If the speed curve of this particular locomotive were available,
I think we should find a somewhat larger current to be collected
at a somewhat higher speed.
The gross-ton-miles per ton of coal burned are given as 3.1,

which is in line with the information we have.
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Reference is made to 44 miles per day, average for 365 days,
as being a high figure for Mallet locomotives. Some records
of Mallets in mountain service averaged over periods of one
year or more show a minimum of 48 miles, and a maximum of
75 miles, per day, and I do not think 44 miles is an exceedingly
high figure, particularly as the higher figure includes for each
locomotive at least one month out of service for general over-
hauling.

In connection with the 96-mile electrification of a mountain
grade, I think too many electric locomotives are assumed;
that is, 48 double-unit engines, when the maximum number of
trains on the line is 28, as shown in the foot-note, page 1176.
The paper states that on a basis of 8 lb. per ton train friction,

and a grade of 2.2 per cent, the drawbar pull is found to be
94,000. This is, then, arbitrarily increased 36 per cent to allow
for bad weather conditions. Of course, the effect of grade is
the same in all kinds of weather, therefore, the result of making
this increase of 36 per cent in drawbar pull is that the fric-
tion is run up to 26.7 lb. per ton, which is very high, even for bad
weather. If we use these figures, we find that the engine, with
128,000 lb. drawbar pull, for 1800 tons trailing in bad weather,
will handle 2560 tons trailing load in good weather. Thus, the
tonnage rating for bad weather is only 70 per cent of the good
weather rating. This difference is much greater than that in
common use on steam railroads.
Another indication that the total number of electric locomo-

tives is very high is that the average works out only 75 locomo-
tive-miles per day, per electric engine.
The paper gives some indications of the permanent investment

to which Mr. Armstrong referred. Taking the cost of overhead
and substations, and assuming the substations are on a basis
of 200 per cent overload for short periods, it works out to $37.00
per kw. for substations and an overhead feeder system of
2,000,000 circular mils of copper in addition to the trolley.
These figures seem high for permanent investment; for that rea-
son I do not think 2400 volts d-c. is most suitable for heavy
traffic. As it stands, 2400 volts is not sufficiently high; it may
be fit for certain traffic, but for heavy traffic it is certainly too
low.

Referring again to the matter of train resistance, we read that
in descending " the power required for propulsion will be negli-
gible for most of the descent, nevertheless, steam must be
maintained in the boilers, and also, owing to the high frictional
resistance of the Mallet engines, power will be required for
all grades materially lower than the average value of 1.5 per
cent." If we work this out for a 250-ton Mallet engine, with
trailing load of 600 tons pushing it down hill, we obtain a result
which looks rather high; that is, 80 lb. per ton frictional resis-
tance for the Mallet.
The comparison is made on the basis of different amounts of
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traffic for steam and electric operation. I think it should
have been worked out to handle the same traffic, in which
case the electric locomotive would have made a better show-
ing.

Referring to page 1187, I ask if " the correct basis for es-
timating the commercial results to accrue from the electrical
operation is to compare all those items which are affected by
the use of electricity instead of steam," why is it that this is " in-
consistent with the retention of the forms which have become
customary in analyzing the results of steam operation"? It
seems to me that is really the good way to get at the answer,
rather than the inconsistent way.

In connection with Mr. Armstrong's remarks as to increase
in traffic not materially affecting substation or feeder cost, I
would like to call attention to some installations made in the past,
where the substation and feeder costs have been materially
increased when the traffic was increased. The Pittsburgh,
Harmony, Butler & New Castle Railway, at 1200 volts d-c.,
was one case. Another was the 600-volt d-c. electrification of
the West Jersey & Seashore Railroad.

George Hill: I have been impressed while sitting here
listening to these two papers and the discussion of them, and
from my own acquaintalnce with the trend of railway electri-
fication, with the fact that railway men throughout the country
are taking a greater and greater interest all the time in the elec-
trification of steam roads.

In these days of ever-increasing effort toward high efficiency,
and the desire to get the best and most out of everything that
is done, it is gratifying to the electrical engineer to see the steam
railroads turning more and more to the use of electrical power.
It is especially gratifying to see that this is being done largely
in a consistent and logical manner. That is, the roads which
are adopting electrification, especially in connection with the
handling of freight, are doing it by applying the electrification
remedy to those points where it is most needed; I refer partic-
ularly to heavy grade work. I may mention at this time an ex-
ample of this in the electrification of the Norfolk & Western
Railway, the mountain grade division called the Elk Horn grade,
between Bluefields and Vivian, in West Virginia. It is generally
known that this electrification is in progress, and it is one of
the cases where it has been found that a very material saving
and a very satisfactory return on the investment will be effected
by electrification. Our firm has had occasion to investigate
and report on a number of electrification propositions of this
general character, and it is evident that for many cases of this
heavy mountain-grade character, electrification will make a
very satisfactory showing, not only in the savings under equal
conditions, but also by greatly increasing the capacity by in-
creasing the speed and improving the reliability of the service,
and thus the earning power of the property.
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W. S. Murray: I realize that it is necessary for me to cut
my remarks short, and this has been made possible by most of
the wind having been taken out of my sails by the very excellent
line of inquiries which have been asked by Mr. Wynne with
regard to Mr. Hobart's paper.

I was very curious indeed about some of the statements
in that paper, and doubtless the answers to Mr. Wynne's ques-
tions will bring the information I most desire.

There is one thing I want to try to emphasize that has struck
me forcibly in the matter of electrification, and that is this:
Electricity is nothing more than an agent to do the same work
that steam has been doing for about 80 years, and in settling
these problems of electrification, both with reference to level
and grade conditions, it seems to me the first thing we electrical
engineers owe to our railroads in this country before we begin
to electrify them is to see if they have been reduced to the best
steam basis.

1. We have been prone to base our opinions and our conclu-
sions on electrical figures that have not got for themselves the
same basis that steam has. Therefore, to repeat, we must get
the territory to be considered upon a proper steam basis before
we take up the matter of its electrification. Now, as the rail-
roads have grown in age, so have the efficiencies gone downl.
Certain local conditions and matters that appertained to the
relation of traffic and equipment schedule have not been caught
up as they should have been; and so when we electrical engineers
go into them, we set up first our wonderful schedules, and show
the electrical economies above steam, and capitalize the pro-
ject on a basis that takes care of the construction bonds, indi-
cating a magnificent dividend on the electrical investment.
Now, that has been the tendency and I think that we should
be extremely careful to avoid such practises.
Now I want to draw attention to the fact that a steam loco-

motive can, if the fireman's arm holds out, develop its maxi-
mum tractive effort continuously. That is a very important
point.

2. An electrical engine has no fireman's arm between it and its
tractive effort, but it has in its place a temperature rise which
must be reckoned with.

3. The electrical engine has the advantage of the steam
engine for sustained horse power; but the steam engine has the
advantage of the electrical for sustained tractive effort, ex fire-
man's arm.

It is within the realm of possibility that steam locomotives
are to be of a different order in the future from what they have
been in the past. Oil burning and automatic stoker locomo-
tives will make us electrical engineers hustle to prove our case.
The electrical engineer who has a clear-cut understanding of

the foregoing facts, knows their value, and so I can only draw
your attention to Mr. Wynne's figures. He shows an interesting
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line of ratios in regard to steam alnd electrical engines on different
orders of grades. The most important part of Mr. Wynne's
diagram is not shown, and that is the length of grade involved.
These papers which we have been much interested in tonight
are of an academic order; the real physical conditions of the prob-
lem are not sufficiently discussed.

There are many figures which Mr. Kahler has brought out
which are most interesting and absolutely true; and yet the real
question is their proper correlation and application to the
specific problem in mind.

I want to extend a warm hand of friendship to my friend, Mr.
Armstrong, who has joined me on the single-phase bandwagon.
The power houses of the single-phase and direct-current sys-

tems are about a stand-off. The direct-current locomotives
cost less than single-phase locomotives, but the distribution
system for the single-phase system is by far the more economical
of the two. Now you see this interesting combination where
we secure a minimum cost of power station, minimum cost of
distribution and finally the minimum cost of locomotive. Mr.
Armstrong has indeed built a beautiful bridge, over which I am
very glad to walk and meet him half-way. As I have always
had to admit that the cost of single-phase locomotives was
more than that of direct-current locomotives, since from the
time they have been manufactured they have necessarily been
heavier, I have been as forcefully required to admit that the
distribution system for the single-phase system possessed such
inherent characteristics of economy as to far offset the greater
cost of the a-c. locomotive, and if single-phase current for heavy
trunk line traffic has now been accepted as the economic
form for electric train propulsion my position would be truly
illogical not to welcome with Mr. Armstrong the coming of the
rectifier locomotive, which will bring out still more its economic
characteristics. In the absence of the rectifier the single-
phase motor was a necessity to make use of the economical single-
phase distribution. In the last analysis of the true economics
of any heavy trunk line electrification project it will be found
that the single-phase motor rules out its direct-current brother.
The direct-current motor has put up a good but a losing fight
for its position in this field, and through the medium of the recti-
fier let us hope that it regains its former position. I am interested
in the type of motor only so far as the position it may take in
the consideration of the electrification as a whole. The fact
that the direct-current motor may replace the single-phase
motor through the medium of the rectifier, but stamps the elec-
trification all the more as being single-phase, for the reason
that the distribution svstem has made that end possible.

A. H. Babcock (by letter): The two papers by Hobart and
Kahler dealing with trunk line electrification merely serve
to emphasize a conviction that has been growing steadily in my
mnind for some years, that generalization with reference to
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trunk line electrification is extremely dangerous. In hypothet-
ical cases, or even in cases where only a preliminary estimate
is required, often curious results are reached by the use of im-
proper bases on which to form the arguments leading to con-
clusions. The incorrect premises may be due to a partial study
of the case involved, or a desire to make a very favorable showing
in order that capital may be interested to investigate farther,
or to a variety of causes, but the result is the same; while in the
hypothetical case, from a given set of assumptions one may
argue himself into almost any desired position, in practise the
hard and unyielding physical facts are met.

During the last ten years my office has made reports on every
mountain railway exit from the Central California valleys, and
on other mountain districts in other parts of the West Coast
country. Often these reports have been the result of agitation
on the part of power companies with a surplus of power for sale.
In other cases they have been the results of pressure exerted by
the manufacturers on the executives of the railway companies.
In not a single one of the reports that have been made in con-
siderable number, as stated, could it be said " that the opera-
ting economies which have been effected by superseding, with
electric locomotives, the steam locomotives on such railways,
are enormous and are indeed of such amounts as to defray in a
very few years the initial outlays for substations, for feeders and
contact-conductors, and for electric locomotives" (Hobart).
Quite the converse is the fact and in every case on which a report
has been made the conclusions have been adverse to electrifi-
cation on precisely the reverse of the facts in the quotation above
cited.
Whenever the request for such reports has been started by a

power company, statements relative to " the very low cost
at which the large hydroelectric supply companies in the West
can profitably sell electricity" (Hobart), have been made by
officials of the power companies; but it is a significant fact that
when the same power companies have been confronted with
the physical facts of the railway company's requirements as
to quantity of energy, maximum demands for power, and load
factor, invariably the rates quoted have been quite prohibitive,
notwithstanding the fact that usually they are lower than those
assumed by the authors of these papers, (Hobart, page 1180 and
Kahler, page 1222). As a matter of fact, with fuel oil on the
West Coast at ordinary market rates, say 70 to 80 cents a barrel,
an energy rate greater than 5 mills is utterly prohibitive, as far
as water power purchase is concerned; moreover, the annual
load factor, although it " should not get lower than 60 per cent,"
(Kahler, page 1222), seldom rises above 20 per cent as a matter
of fact, and as a rule the total energy charge can be wiped out
of the annual statement without making a material difference
in the conclusions, so small a part does it play in the annual
operating cost when the fixed charges and other elements of
operating expense are taken properly into account.
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Not one of the projects that have come under my notice con-
forms in the slightest to the following-" But when it is under-
stood that these Western hydroelectric companies already have
enormous loads connected to their systems, it will be seen that
the fluctuations of a couple of thousand kilowatts, more or less,
imposed by the intermittent operation of a few freight trains,
is not a factor of consequence" (Hobart, page 1162). Our
freight trains require from 4000 to 4500 kilowatts apiece and thus
far no power company on the West Coast, however large its
service may be, has yet been found to view with equanimity
the possibilities of a number of such loads being thrown instantly
on or off its systems; furthermore, the above power demands
are of such duration that the figures given represent the contin-
uous capacity of locomotives per train.
The fact that so many men engaged in the study of these

problems discuss them from the standpoints of the authors of
the two papers from which quotations have been taken, indi-
cates, of course, that in other parts of the country the extremely
severe conditions of the West Coast mountain railroading do
not obtain. It is obvious also that were I, whose experience
in such estimating has been confined exclusively to West Coast
work, to attempt to generalize from that experience and the
information gained in the study of these projects, the result, if
expressed publicly, might be, to say the least, embarrassing to
me and amusing to some of the eminent gentlemen who have
favored the Institute with general discussions in the past. Pre-
cisely this difficulty has been met with in discussing West Coast
problems personally with Eastern factory engineers, and it
was not until these same engineers came West and investigated
on the ground for themselves that a mutual understanding of
each others' words was reached. With this thought in mind
the foregoing remarks are submitted, not at all in criticism of
the papers referred to, but as supplementary thereto.
H. Y. Hall and G. W. Welsh (by letter): Mr. Kahler's paper

states that only ten electric locomotives would be needed for
the through passenger trains; this on a 468-mile line with three
engine districts and three through passenger trains each way
per day. Assuming that it is the intention to operate the
468-mile line electrically with three engine districts, as indicated
by the paper, an examination of the train sheet shown in Fig. 2,
for the through passenger trains, shows that there are actually
required for the operation of three through trains each way
per day, .hree locomotives on engine district No. 1, four on district
No. 2, and three on district No. 3, or a total of ten locomotives
actually required, assuming all trains to be on time and no extra
trains. This does not include any locomotives " in shops, spares,
in engine house, running to and from trains, and in helper
service." The time saved in taking water mentioned is small
for passenger service and for the above train sheet will not re-
duce the number of electric locomotives required for actual
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service. On most western railroads during the heavy tourist
season, it is practically an every-day occurrence to run passenger
trains in sections; and on days of extremely heavy tourist
travel, the number of trains is often increased by 40 to 50 per
cent. Judging by the figures given in Table VI, it is evident
that Mr. Kahler does not consider that more than one section
of any train will ever be necessary. In this respect the road
considered by the author is unique, since it is the only road in
the western part of the United States which can run without
extra trains. It would seem that an allowance of twenty
passenger locomotives, instead of ten, would not be excessive
on both the grounds of reliability and actual traffic.

Referring again to Table VI, under " Freight Trains," the
ratio of maximum day to average day appears to be exceedingly
low. On some of the through lines in California, it is not un-
usual during the heavy fruit shipping season to have a maximum
day of 2 to 2' times the average day throughout the year.
Evidently, the number of locomotives must be sufficient to take
care of the maximum day. In steam operation, on a large sys-
tem, the usual way of taking care of this excess traffic is to rush
all available locomotives from other parts of the system to help
out the congested district. This is not possible with electric oper-
ation unless the entire system is operated electrically. Another
point is that freight trains very seldom run on time and although
they may be dispatched at stated intervals from one terminal, they
rarely reach the other terminal with the same time interval be-
tween them. Therefore with the forty-three freight locomotives
(that is, electric freight locomotives,) shown in Table X, we think
the road under consideration by Mr. Kahler would find itself
frequently with its cars at one end of the line and its locomotives
at the other. Of course, in times of emergency, electric loco-
motives can be run over more than one engine district without
injury, but in our opinion the actual requirements of theroad
under consideration would be more nearly realized if the number
of freight locomotives given in the paper were increased by
50 per cent, or say to 60 locomotives.

It should be noted that under " Locomotive Repairs," the
cost per locomotive mile given for single-phase locomotives
is based on the published reports of two roads operating
direct-current apparatus. It would be interesting to know
what is the repair cost per mile on single-phase locomotives,
but only one road in the United States operates a sufficient
number of these equipments to give reliable information, and
to the best of our knowledge this has never been published.
The " Estimated Cost of Electrification " given is altogether

too low to be conservative.
It is not possible, for $5000 per mile, to build a double-circuit

steel tower transmission line of sufficient factor of safety and with
sufficient copper to hold the losses and. regulation within the
proper limits, especially with low power factor lagging current
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as would obtain with a single-phase electrification. This cost
should be increased to $6000 per mile.

Judging from the extremely low cost given, the, author is not
considering the use of catenary construction. For the class
of service required, the catenary construction would be none too
good. At a Pacific Coast point, located close to the source of
supply of good and cheap cedar poles, it costs $2175 per mile
(not including engineering and contingency) for single-track
bracket, 1500-volt, d-c. catenary construction. In this case
$2500 per mile should be used, on account of higher voltage,
generally stronger type of construction for main line operation
and to cover installation of feeder.
The double-track span construction would cost $4000 instead

of $2600 per mile.
The four- or more track bridge construction would cost nearer

$15,000 than $9000 per mile.
With the increase in first costs and increase in number of

locomotives as given above, the total first costs would be
$12,698,209 instead of $9,972,000, while the net estimate would
be $10,686,209, instead of $7,960,000.
The total of maintenance of overhead structures and sub-

stations, Table XV, is too low to cover necessary emergency
gangs, repair gangs, patrolmen, material, etc., for the proper
maintenance of a 468-mile section of a single-track main line with
so dense a traffic. This item should be increased at least 60
per cent.

Referring to Table XVI, Mr. Kahler has based his depre-
ciations upon estimated first costs, excluding engineering and
contingency. If in making estimates for immediate work it
is necessary or desirable to add a contingency to cover fluctuations
of material costs and unforseen items or difficulties, it is certainly
necessary to add a contingency for work to be done 20 or 30
years after the making of an estimate. It is common knowledge
that to do certain classcs of work, it now costs three times as
much as it did 20 years ago. Then again, it would not be
desirable to do the work in the same manner twenty years hence,
so it will be necessary again to pay forengineeling. Including
the engineering and contingency would increase the deprecia-
tion 15.5 per cent. A life of 15 years on poles and fixtures
(item 18), would be nearer the accepted value than 20 years, as
given, so the depreciation should be 6' per cent instead of 5
per cent. With the increased first costs, the inclusion of en-
gineering and contingency and increase in depreciation rate on
" poles and fixtures," the total depreciation of overhead struct-
ures and substations would be $226,046 instead of $144,084.
The total of depreciation of electric equipment, Table XVIII,

with increased number of locomotives, as noted above, and with
engineering and contingencv included in the cost upon depre-
ciation, would be $107,115, instead of $64,740.
With the increases given above, the total cost of electric
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operation (Table XX) would be $3,090,178 instead of $2,908,409
and the annual saving would become $758,231 instead of
$940,000. This would give a net return of 6.8 per cent, which
with interest of 5 per cent, would give a net profit of 1.8 per cent
on the investment, which is too small a profit upon which to
base a recommendation for electrification, as this estimated prof-
it would be entirely wiped out if the " actual " expenses of elec-
tric operation were 7 per cent higher than the estimated op-
erating expenses.

Mr. Hobart gives a first cost of $8,500 per mile for overhead
contact line, rail bonding and feeder copper. Several paragraphs
above he gives the annual efficiency, locomotives to substation,
as 93 per cent. This would give an efficiency of 91.1 per cent
during the heavy traffic period. With a substation spacing of
26 miles and 90-lb. rail, single track, the cost of the positive
feeder alone (excluding trolley), to give efficiency of 90 per cent
on maximum day, would be $6600. This is based on the use
of aluminum at 33 cents per lb. erected, which is equivalent to
copper at 15' cents per lb. erected. This calculation is based
upon a minimum condition of only one train at a time between
substations, whereas with the speed of trains and interval of
starting given, it is possible to have two trains at a time on the
up-grade between substations. In our opinion, to obtain an
annual efficiency of 93 per cent, it would be necessary to spend at
least $12,000 per mile for overhead contact line (catenary con-
struction), rail bonding and aluminum feeder. It should be
borne in mind that on mountain divisions, it is necessary to
blast at least 60 per cent of the holes for setting trolley poles.

During the maximum traffic period of 18 1800-ton trains
each way per day as given, with 12,200 kw-hr. per locomotive
journey and the same percentages added as shown on page 1180,
the average load per substation will be 6150 kw. instead of 3200
kw. as given. With a load factor of 25 per cent, the maximum
load would be 24,600 kw., but with an average of 6150 kw. the
load factor would probably be as good as 35 per cent, which
gives a maximum of 17,600 kw. per substation.
With an average load of 6150 kw. the heating load per sub-

station would be not less than 8200 kw., which would require
8000 kw. for regular service and 2000 kw. for spare, making a
total installed capacity of 10,000 kw. per substation, which
at $30 per kw. would amount to $300,000 per substation in-
stead of $160,000, as given, or as a total for the four substations,
$1,200,000 instead of $640,000 as given.
With the above changes, the cost of overhead construction,

bonding and substations would be:

96 miles overhead and bonds at $12,000.. $1,152,000.
Sidings, same as given by Mr. Hobart.... 84,000.
Substations ............ ............... 1,200,000.
Total . $2,436,000.
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On the basis of 16 per cent of first cost as given by Mr. Hobart,
the fixed charges, maintenance and operation of substation (not
including electric energy), would amount to $389,760 instead
of $246,000 as given.
Note 17 states that, " It is desired to err on the side of favoring

the steam locomotive whenever there is room for divergence of
opinion." In view of this statement, it is not quite clear why
he has used the 250-ton Mallet locomotive in handling the
600-ton train, or three of these locomotives for an 1800-ton train,
when there is in actual service today a 300-ton Mallet locomo-
tive which will haul a 900-ton trailing train on an average
grade of 1 per cent at average speeds in excess of the 12 miles
per hour assumed in this paper. Naturally, if fewer locomotives
of a larger rating are used, the operating costs, such as fuel con-
sumption, locomotive repairs, enginemen's wages, etc., will
be materially reduced.

Also, the cost of 250-ton Mallets is given as $45,000. The
300-ton Mallet mentioned above costs new approximately $33,500,
and the heaviest Mallet locomnotives ever built (weighing 425
tons) cost slightly less than $44,000. It is evident that the figure
of $45,000 is much too high.
The foregoing analysis of Mr. Hobart's paper, (also of Mr.

Kahler's paper), is based on West Coast operating conditions,
as developed in the study of some of the most important heavy
trunk lines operating over the Sierras. It shows that while he
has made a favorable showing for the very general case he
has assumed, his results, if applied to any of the concrete cases
known to the office with which we are connected, would be dis-
appointing to those who might be induced thereby to invest
money, and who expect profit. Based on our experience, his esti-
mated costs for overhead construction and substation equipment
are very much too low; hence his electric operating costs are cor-
respondingly low; he has considered steam locomotives only
two-thirds as powerful as those now in service on our lines, and
in his estimate of first cost, he has taken these comparatively
small steam locomotives at a unit cost essentially the same as
was paid for the largest steam locomotive ever built for West
Coast work. His estimated first costs for steam locomotives
are at least 30 per cent higher than West Coast practise shows
to be reasonable, and his estimated steam operating costs are
correspondingly high. In general, then, according to our ex-
perience, the costs of steam operation have been magnified and
the costs of electric operation minimized, in this, as in many
other such very general solutions of a very complex problem.

F. W. Carter (by letter): The subject matter of the present
papers is of great importance and discussion cannot fail to furnish
valuable information. I think such papers as these are best
written with a view of instructing or convincing the railway
engineer rather than the electrical engineer, and the greatest
care should accordingly be taken to avoid an undue bias in favor
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of electrical working. But from the nature of the case, in which
comparison is made between an established system and a newer
rival, the figures for the established system are likely to be based
on actual operation, and to cover a number of more or less triv-
ial or accidental circumstances which are apt to be overlooked
in making the comparison; I think there are signs of this ten-
dency in both the present papers. For instance, in Mr. Hobart's
express passenger proposition he adopts the figure of nine lb.
per ton average train resistance; this is a reasonable figure,
considering that the mean train resistance is necessarily greater
than the train resistance at the mean speed, and moreover that
the figure includes the effects of curves, adverse weather, and
other difficulties of the route. He, however, deduces his coal
consumption directly from the work done against train resis-
tance, suggesting an equipment efficiency of the order of 87 per
cent. But the energy dissipated in final brakingS is of the order
of 75 h.p-hr., and although townships are miore sparsely scattered
in the United States than in England, it is doubtful whether a
typical 100-mile run should have been assumed without some
speed restrictions, each consuming, say, 60 or 70 h.p-hr., while
a signal stop is not likely to be an infrequent occurrence. Al-
together, I think that to accord with actual operation, the coal
consumption in the electrical case would have been better as-
sumed 15 or 20 per cent greater than Mr. Hobart finds it to be.
In the steam case I surmise that the corresponding figure is
derived ultimately from the integral consumption in actual
service, and therefore includes the effects of all the normal cir-
cumstances of such runs.

Mr. Kahler, again, seems to me, however, to have made
his calculations without due regard to limitations that the
traffic department may impose. He shows that it is possible
to handle a certain tonnage of freight with but few more than
half the number of locomotives in service than would be re-
quired under steam operation. This is certainly an engineering
possibility, but if it is a commercial possibility, it is a pretty
sure sign that the line is congested, and the proposition takes
on an entirely new aspect on this account. Mr. Kahler assumes
the average weight of train as 80 per cent of the maximum.
Under English conditions, I believe this figure is nearer 60 per
cent, but however this may be, the effect of increasing the
capacity of the locomotive would in general be to reduce the
figure by, say, 10 or 15 per cent. Many light trains would go
forward at the instance of the traffic department without ref-
erence to the ultimate capacity of the locomotive. The number
of freight locomotives required in actual service at any time
would, I think, be nearly as great with electric operation as with
steam.
Comparing Tables IX and XIII, I am inclined to think also

that the number of electric passenger locomotives required is
somewhat underestimated, for the exigencies of traffic would
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keep locomotives waiting in service, much as it does under steam
operation. It would seem that in the case of the Butte, Ana-
conda and Pacific electrification, 23 steam locomotives are
replaced by 17 electric, no such reduction as Mr. Kahler finds
possible.

I note that Mr. Kahler has assumed the single-phase system
of operation, but he seems to have based his estimate of loco-
motive repair cost on results obtained with continuous-current
locomotives. Since the repair of the single-phase electrical
equipment has been found to cost something like three times as
much as for the corresponding continuous-current equipment,
I am disposed to think his figures here a little too low, and I
also think the number of his laid-up locomotives is on the low
side for the same reason. His energy consumptions, too, appear
to me somewhat low for normal operation, which Fig. 3 shows to
have been contemplated, the frequent stops and intervals of
running with brakes applied resulting in the dissipation of much
energy. Although my contribution to the discussion is generally
of the nature of criticism, I should like to express my appre-
ciation of these very able and suggestive papers.

F. C. Merriell (by letter): The financial showing which
has been so conservatively developed in these discussions finds
very little consideration from railway operating officials, be-
catAse of two fancied weaknesses which are believed to attend
electric traction.

Frequent failure of electric locomotives in heavy traction ser-
vice is believed by steam railway men to be inherent in a device,
which to them, appears to be more complicated and less substan-
tial than the steam locomotive, and even the most elaborate
and painstaking analysis of the economies of electrification
will not avail against this belief, unless the operating experience
of present electrifications shall prove that analysis to have
been very conservative. The fact that partial failure, of a steam
locomotive is but little better than total failure while partial
failure in an electric locomotive will usually not prevent it from
getting in the clear, and perhaps making some progress until
help can reach it, will have to be strongly urged even after the
railway man has been convinced that of the two devices the elec-
tric is the simpler and the more substantial.
As appears in these discussions, the first divisions to be elec-

trified will be those where heavy mountain work occurs and
pusher service is required, and as these places are nearly always
at high altittudes and subject to severe weather, steam railway
men now believe that electric traction will, in such locations,
meet obstacles which it cannot withstand. They admit the
inefficiency of the steam locomotive to cope with extreme cold
weather by their customary reductions in train tonnage as tem-
peratures fall, which follows quite as much from the fact that the
engines cannot make steam as from the poor conditions for trac-
tion. The electric traction man, on the other hand, expects his



1913] DISCUSSION AT NEW YORK 1245

motors to operate at greater loads during cold weather and is
thus enabled to push his train tonnage up to the limit imposed
by the condition of the track. Experience of heavy traction
lines and such electrifications as are now in operation shows
that distribution systems can be maintained without undue
expense against the coldest and worst weather and will thus,
contrary to the prevailing notion, cause less interference with
traffic than engines which will not steam. The analysis of
traffic movement on western roads will usually show that a part at
least of the greatest congestions tends to lap over into extreme
cold weather, as for instance the business of roads handling
both deciduous and citrus fruits, which business will require
much tonnage in deciduous fruit to be moved at the beginning
of winter, while tonnage in citrus fruits will become quite large
before it ends, all of which should tend to make the advantage of
electric traction appeal more strongly, as soon as the electrical
fraternity is able to assure the railway operator that he can rely
upon electrical machines for continuous service and few failures.
The stimulation to local main line traffic which is mentioned

as possible with electrification can also profitably be extended
to feeder lines, and many of these which now operate at a loss
might be brought nearer to a paying basis than they now are.
It is the contention of railway officials that feeders as separate
entities rarely make a profit (being principally valuable for the
traffic they bring to the parent system), but the same standards
of service, convenience, and efficiency, which the flexibility
and economy of electric traction effect upon main line traffic,
will without doubt render feeder lines more justifiable than they
are considered at present.
H. F. Parshall (by letter): With reference to the two

papers by Mr. Hobart and Mr. Kahler, I may say, speaking gen-
erally, that both papers would have been more convincing
to railway engineers if accompanied by figures showing represen-
tative results obtained in good steam practise. According to
my own experience and observations, both have assumed better
results than are being obtained or are likely to be obtained in
steam locomotive practise. The paper by Mr. Insull gave results
obtained on several roads which led to the conclusion that the
cost by steam locomotion is much higher than is commonly
assumed. Personally, I think the time has passed when the
electrical engineer need adopt the position of apologist to the
steam engineer.
The electric locomotive is ab initio the cheaper machine to

operate. The real problem is to determine at what point the
density of traffic is sufficient to justify the electrical installation.
The fixed element is the conducting system between the loco-
motive and the power system. The cost of fuel of the electrical
system under ordinary conditions is not more than half that with
the steam system, but, on the other hand, the cost of the steam
locomotive installation is not often more than 20 to 25 per cent
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of the cost of the electric locomotive installation including the
conducting system.
Under favorable conditions the cost of maintenance of the

two systems is not very different. Under some conditions, how-
ever, the cost of maintaining the steam locomotive system must
be materially greater. With cheap hydroelectric power and
expensive coal, the electric system pays for itself with moderate
traffic density. With increasing labor difficulties and increasing
cost of fuel, the case of the electrical system becomes every day
stronger, as less men, less skilled mechanics and less fuel are
required with the electrical system.
From a strictly operative point of view, my own experience

is limited to my activities as Chairman of the Central London
Railway. I had designed the system, including the power
station, and had advised in its operation for some years, but
after becoming Chairman, I had to see through two strikes,
one a general railway strike and the other a general colliery strike.
During the general railway strike, the power station, as the heart
of the railway, was a special cause of anxiety. In the coal
strike, every department of the railway was crippled. To
keep the power station supply assured, special efforts, in
addition to the usual ones, had to be made. While I have been
largely associated with electric power installations, I came to
the conclusion that railway managers had enough to do without
embarking on that class of business. Further, that the central
power undertaking is in a better position to guarantee a supply
under all conditions than any railway company can hope to be,
and also, owing to the diversity conditions, can supply cheaper.
With the question of supply settled, the electrical system of
traction is in a stronger operative position than the steam system.
As to the type of locomotive for heavy freight work, with

moderate facilities for repair, I should prefer the side-bar type
with motors individually replaceable. The maintenance of
such a locomotive is small and the time to carry out repairs a
minimum. Axle-driven types of either locomotives or motor
cars require a higher degree of skill in maintenance and operation.
With reference to the voltage of the overhead conductor sys-

tem, owing to the small cost of the conductors as compared
with the supporting structure there appears small advantage
in exceeding 2500 volts. The size of overhead conductor is
largely determined by the maximum current required by the
individual trains, so that with increasing traffic density the
growth is met by increasing the number of substations without
reducing the efficiency. In the case of a line 400 miles in length
I made a careful study as between 5000 and 2500 volts d-c.
overhead conductor pressure, and came to the conclusion that
the saving by the higher voltage was too small to affect the general
result. In the case of the 2500-volt installation, the motors
could be safely worked at full line voltage, which in my judgment
is a material advantage in heavy railway working.



1913] DISCUSSION AT NEW YORK 1247

I am glad to see evidence in these two papers that a truly com-
mercial spirit is coming into effect in considering railway prob-
lems.

Charles P. Kahler: The foregoing discussion was very
interesting to me, in that, although some speakers confined their
remarks to the narrow limits of systems of electrification, types of
locomotives, and other details, the comparative economics
of steam and electric railroad operation, which is really the most
important part of the problem, received considerable attention.
The data and other information given in my paper, Trunk Line
Electrification furnished a comparison between steam and electric
railroad operation, and the paper could hardly be classed as
advocating any one system of electrification, although Mr. Arm-
strong seems to think it does.

Mr. Armstrong states that the electrification costs depend
principally upon the locomotives, substations, and trolley and
feeder copper, and that the locomotive costs are high in the case
of the single-phase system, while the substation and trolley and
feeder wire costs are high in the case of the direct-current system.
This is approximately true, considering the single-phase commu-
tator motor locomotive alone, but the locomotive cost would not
necessarily be so materially different from the direct-current
system if the split-phase locomotive, or the mercury vapor
rectifier locomotive to which he refers, were used.

Mr. Armstrong assumes that the substation and trolley and
feeder copper costs remain constant as the traffic increases, while
the locomotive costs increase as the traffic increases, and draws
the conclusion that, even though the single-phase system proves
most economical with moderate traffic, as far as first cost is
concerned, the direct-current system will, when considered
with a 50 per cent or 100 per cent traffic increase, be most
economical. Mr. Wynne mentioned two electrically operated
railroads where the substation and copper line costs have been
materially increased by an increase in traffic, which shows the
incorrectness of Mr. Armstrong's premises, and as a consequence,
makes his conclusions wrong.
Very few railroad improvements involving any large sums are

made without a thorough investigation by the railroad officials
of the effect of increasing the traffic. Practically none of the
important line or grade changes with which I have been con-
nected were made without considering the effect of at least doub-
ling the traffic. In our investigations of steam railroad electri-
fication, we have gone still further, and besides considering the
effect of a change in the volume of traffic have also considered
the effect of electrification upon the whole railroad, rather than
confining our studies to isolated sections. As a result of nu-
merous studies of this character, I am inclined to believe that
electrical engineers, who are usually unacquainted with actual
steam railroad operating conditions, would be very much slower
in advocating thier own particular fancies if their effect on the
whole system was first considered.
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The substation and feeder copper cost for a direct-current
system which would be of sufficient capacity to permit the
operating of trains under such close headway as would be
possible on a steam-operated railroad during a congestion or
other emergency, would usually be so great as to make electri-
fication unwarranted for many years. As is generally known,
the electric distribution system of a direct-current line is not
generally designed for any possible emergency, but an allowance
is only made for a reasonable contingency, which often is
determined by electrical men not familiar with steam railroad
operation. On the other hand, it would be commercially pos-
sible with a high-voltage trolley, such as is used o-n single-phase
systems, to provide a distribution system which could expedi-
tiously handle almost any congestion or emergency which a steam-
operated railroad could.
The development of the mercury arc rectifier locomotive, of

which Mr. Armstrong speaks, will no doubt be welcomed by all
interested in heavy electric traction work, since direct-current
locomotives-which are preferred by Mr. Armstrong and other
advocates-can-, through the mercury arc rectifier, be made to
operate by current from a single-phase trolley. If this new
locomotive serves no other purpose than the settlement of the
system question, it will have done good service.
The introduction of the mercury vapor rectifier locomotive,

together with the split-phase locomotive, which can also be oper-
ated from a single-phase trolley, would indicate that the single-
phase system, besides providing low cost substations and low cost
distribution system, has a further advantage in being adaptable
to four or five different types of locomotives.

Mr. Babcock's remarks about inaccurate conclusions being
liable to result from generalizing are hardly in accord with his
criticism of load factor. He compares his estimated load factor
for the proposed electrification of the Southern Pacific lines over
the mountain ranges surrounding the Central California valley-
which are short in length andwhere the average grades are heavy-
with a long line of railroad with light average grades. It would
require about a day and a half for freight trains to cover
the 468 miles of line and the stopping or starting of a train at
either end of the line would not make a large increase or decrease
in the total load, as there would be so many more trains in
simultaneous operation on the line, which would not be the
case with the shorter line where only a few hours were required to
make the run. In fact, the daily load factor would be very high
for the longer line.
The California lines have to contend with the heavy freight

traffic during the fruit season, whereas on the 468-mile line dis-
cussed in my paper the peak of the west-bound business, of which
coal forms a considerable portion, does not happen at the same
season as the peak of the east-bound traffic, of which lumber
forms a large proportion. Also, the maximum passenger traffic
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does not occur at the same time as either the peak of the east-
ward or westward freight traffic. The above, I believe, shows
why it is possible to get an annual load factor of 60 per cent
for the 468-mile line and only 20 per cent for the short mountain
lines to which Mr. Babcock refers.

I cannot check Mr. Babcock's statement that the purchase of
electric power at a greater rate than 5 mills per kw-hr. would be
utterly prohibited where oil is selling at from 70 cents to 80 cents
per barrel. Three barrels of oil are equivalent to one ton of coal,
allowing for the higher efficiency of the oil-burning power plant,
which would be equivalent to coal at from $2.10 to $2.40 per
ton. With a load factor of 20 per cent, the fuel cost alone would
not be far below 5 mills per kw-hr., and when the fixed charges
and the other operating expenses were added a rate of 5 mills
would appear to me low, especially as nothing was allowed for
freight on oil or additional charges for transmission lines in case
the power plant is built near the oil fields.

Hydroelectric power is at present being sold at as low a rate
as the above in many sections of the West. I quoted in my
paper the rate of 5.36 mills per kw-hr. which the Great Falls
Power Company has given the Chicago, Milwaukee & St. Paul
R.R. Also in some sections of southern Idaho power for heating
and irrigation pumping is obtained at even lower cost.

Mr. Carter doubts the practicability of making a reduction
in the number of freight trains, for traffic reasons, even though
the electric locomotives can haul heavier freight trains. Without
going into any technical discussion, I would advise that a num-
ber of Mikado locomotives, whose tractive power is about 15
per cent greater than the consolidated locomotives, has lately
been put in operation on one of the engine districts of the 468-
mile line, and an actual reduction in the number of freight trains
has resulted. Further, on another division, where conditions
were somewhat similar, the train weights were increased by
reducing the grades, resulting in a material reduction in the
number of freight trains.

For English conditions, Mr. Carter gives the average freight
train weights at 60 per cent of the maximum. The figure of 80
per cent given for the 468-mile line considered in my paper was
not assumed but was an actual record. This has been increased
to 86 per cent for the fiscal year ending June 30, 1913, being 91
per cent for west-bound trains and 82 per cent for east-bound
trains.
The possibility of handling the given freight tonnage with only

43 electric freight locomotives has also been questioned, although
Mr. Carter qualifies his remarks with the statement that if this
can be done it is a pretty sure sign that the line is congested.
While this is true, the congestion is partly caused by the equip-
ment troubles on the two helper districts near terminal No. 2.
The train sheet in Fig. 3 was for the dav of maximum traffic.

Of the freight trains shown, only two are scheduled, the re-
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mainder being run as extra. This maximum day train sheet
shows that only six freight trains were in simultaneous operation
on engine district No. 1, six on district No. 2 and seven on
district No. 3, a total of 19 freight trains, requiring 19 freight
road locomotives. Additional locomotives would, of course,
have to be allowed to provide for helper locomotives, time in
enginehouse, shops, etc., but it should be remembered that at the
time of maximum demand there would generally be a minimum
number of locomotives in the enginehouse. As stated in the
paper, the number of electric freight locmotives required is based
upon the number of steam locomotives actually used to handle
the traffic, allowing for the reduction in the number of freight
trains by electric operation and the fact that an electric locomo-
tive is nearly always ready for service and needs to spend little
time in the enginehouse. I judge my estimate of 43 electric freight
locomotives not only to be large enough to handle the given
tonnage but also to provide a larger margin than is usually
allowed for steam service.
With regard to the number of electric passenger locomotives,

it should be mentioned that of the the three through passenger
trains each way per day shown, one is really a solid mail train.
No extra mail trains are operated and the number of passenger
trains operated in addition to the two through passenger trains
scheduled is small, which will account for the apparent narrow
margin allowed in the number of electric passenger locomotives.
Further, it was proposed to make districts Nos. 1 and 2 one
passenger run, there being no objection to this on account
of grades or a 16-hour labor law, as would be the case with
freight trains. This practise of making the passenger runs
double the freight runs is now being followed on some districts
with steam locomotives.

In the case of local passenger traffic, the volume is not so
uniform as the through traffic, on account of state and county
fairs and other things requiring excursion and extra trains, but
14 motor cars were allowed for this purpose. Most of these local
extra trains are operated on the west end of the line and the extra
cars allowed can be held in readiness at terminal No. 2.

Possibly Table VI, in regard to number Qf trains, as com-
piled, should have some explanation to make things clear. The
figures shown under the maximum day column mean the total
number of trains on the maximum day. The maximum day of
passenger traffic does not happen at the same season of the
year as maximum freight traffic, as stated, and although the 16
freight trains shown under the maximum day column of district
No. 1 are the maximum number, the 10 passenger trains shown
in the same column are not the maximum number of passenger
trains operated but only the number operated on the maximum
day for both passenger and freight traffic. The total number of
trains per day, 26 as shown for district No. 1, is, of course, the
maximum number for the year. The same applies to the other
districts.
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The number of passenger trains in the average day column is
given in round numbers to simplify computations, the actual
figures being 10. 5 passenger trains for district No. 1; 8.2 trains
for district No. 2 and 8. 1 trains for district No. 3, the extra
trains being principally local trains. Since the number of pas-
senger trains was taken the same for both steam and electric
operation, this would not materially affect the results, which
would not be the case for freight service, and the exact freight
train figures had to be used.
Although some direct-current locomotive repair costs were

quoted in my paper, the electric locomotive repair costs used in
the estimates were based upon a study of the comparative repair
expenses of the different parts of steam and single-phase electric
locomotives, as outlined on page 1217, which shows that it was
estimated that a single-phase locomotive would cost about 45
per cent as much as a steam locomotive for repairs. For the
direct-current locomotive costs quoted, this figure gets as low
as 36.5 per cent, showing that an allowance was made for the
relative cost of alternating-current and direct-current locomo-
tives.
The foregoing answers most of the questions put by Messrs.

Hall and Welsh. The estimated cost of the steel tower trans-
mission line was based upon the actual cost of a steel tower line
lately built parallel to the railroad, the material being dis-
tributed by work trains on the railroad, and, if anything, is high.

Catenary construction was, of course, proposed for the high-
voltage trolley line. The figures quoted by Messrs. Hall and
Welsh appear high even for California conditions, or else they
include the cost of the copper trolley.
A number of Mr. Murray's remarks are worthy of careful con-

sideration, especially as he does not underestimate the steam
locomotive. He believes that in making comparisons between
steam and electric operation of railroads some consideration
should be given to the improvement of the steam service, and
there is no question but that more consideration will be given
to steam railroad electrification by both operating and financial
railroad men if the matter is presented in this way. For instance,
steam operation of the 468-mile line discussed in my paper could
be improved by the use of Mikado locomotives for freight service
instead of consolidated locomotives, and by revising both the
ruling and helper grades. However, this would take very nearly
as much money as required for electrification and the reduction
in operating expenses would not, with the present traffic, pay the
fixed charges on the investment, while by electric operation a
fair return would be had on the investment.
The numerous advantages of substituting electric power for

steam on mountain grades, mentioned by Mr. Hill and Mr.
Merriell, are generally conceded even by many steam railroad
men, and are in accord with investigations made of mountain
grades on our lines. Mr. Babcock seems the only one unable
to make any showing for electrification on mountain grades.
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Our investigations would also indicate that many engine dis-
tricts of only moderate grades could be more economically
operated by electric power than by steam, and in some instances
show up better than even the mountain sections; the reason
being that on some moderate grade sections the number of freight
trains can be very much reduced by electric operation on account
of the characteristic of the electric locomotive to operate at over-
load for short periods. On mountain grade sections, however,
the continuous rating of the motors is more important, and
although some reduction can generally be made in the train
service, it is not as great as can often be made on some moderate
grade engine district where the ruling grades are short.

Roger T. Smith (by letter): Mr. Kahler's paper is interesting
to English electrical engineers from the complete method of an-
alysis adopted. The examples taken do not, however, invite
criticism either of the constants or of the results, since they are
not comparable with anything in the way of steam or electric
traction that we have or are likely to have in England.

Mr. Hobart's paper, while of course taking its examples from
American practise, deals largely with certain fundamental con-
stants for both steam and electric traction common to all rail-
ways. The method of analysis used and its lucid presentation
conceal the great amount of work which must have been done
in the preparation of the paper, nevertheless certain of the
constants used in the calculation can only be considered as a
first approximation. It may be useful to compare some of them
with similar figures taken from English experience, and through
the kindness of Mr. G. J. Churchward, locomotive, carriage
and wagon superintendent of the Great Western Railway,
England, I am enabled to consider several of the constants used
by Mr. Hobart in the light of English experience on the longest
English railway. While confirming or criticising Mr. Hobart's
constants, it is to be remembered that the English figures put
forward are for conditions for the most part very different from
those in America. Without Mr. Churchward's help no steam
figures could have been given, but even these figures are also
only to be looked upon as approximations, and Mr. Churchward
must not in any way be held responsible for the manner in
which the figures are presented.

Deduction affected by as-
Page. Line. Constant or Assumption. sumption.

A. B. C. D.

1161. 29. Coefficient of adhesion, 0.20. Maximum available tractive
effort.

1152. 6. Average tractive effort over The whole subsequent inves-
100 miles for both loco. and tigation depends on this fig-
load 9 lb. (10 lb.) per ton at ure.

.________ _________ average speed 50 mi. per hr.

Mr. Hobart deals first with steam and electric constants
for a fast passenger service covering 100 miles in two hours.
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Steam figures are given for a Pacific 4-6-2 type locomotive.
The difference between the American ton and English ton may
easily result in considerable confusion in comparing constants
used in the two countries, and while my figures are all given
in American tons of 2000 lb., the equivalent in English tons of
2240 lb. will be given enclosed in brackets. The author's en-
gine weighs 115 tons (103) with 85 tons (76) adhesive weight,
hauling a train of 750 tons (670). The comparative figures will
for the most part represent results obtained with 4-6-0 type
engines having a weight of 85 tons (76) with 62 tons (55a) ad-
hesive weight, hauling passenger trains rarely exceeding half
the weight of the American train.
The value of the coefficient of adhesion should not be taken

as higher than 0.20. Experience with trains of about half the
weight of the author's train gives 9 lb. train resistance per
American ton (10 lb.) as a good average figure. Sufficient
data are not available to determine whether the tractive effort
is the same for the locomotive as for the coaches but it is to be
remembered that this confirmation of the author's figures
applies only to the coaches. There is reason to believe that
train resistance is greater for the locomotive, and there is con-
siderable advantage in dealing only with drawbar forces, such
as can be measured on a dynamometer car, rather than with
forces in the cvlinder, the measurement of which by means
of the indicator is extraordinarily difficult and liable to many
errors.

A. B. C. D.

1152. 9. Efficiency from cylinder to The average i.h.p. required
crank pin, 85 per cent. throughout the journey, the

coal burnt and the journey
t efficiency.

This efficiency would be more satisfactory if stated as be-
tween cylinders and rims of driving wheels. While curves of
drawbar h.p. plotted with speed under specific conditions can
be readily drawn to connect many points determined experi-
mentally, the corresponding i.h.p. values are very hard to con-

drawbarh. p.
nect by a smooth curve. An average value of ratio i.h.p.

may be taken to be 70 per cent, and the indicated h.p. under the
author's conditions would on this assumption be 1290 instead
of 1320, thus checking the value of 85 per cent very closely.

A. B. C. D.

1152. 14. Coal per i.h.p. = 3.5 lb. of The coal burnt and the jour-
calorific value of 14,000 B.t.u. ney efficiencies from coal to
per lb. cylinder and to wheel rims.
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On trials where the ratio d-b. h. P was 0.70 the pounds ofi. h. p.
Welsh coal of a calorific value of 15,400 B.t.u. per i.h.p. were
2.75, which would probably correspond to 3 lb. per i.h.p. for the
author's lower calorific value. Taking the actual figure of
2.75 lb. for the better coal the journey efficiency from coal to
drawbar is increased from 3.53 to 4. 1 per cent.

A. B. C. D.

1153. 17. Coal used for firing up and at Affects the reducti6n of jour-
end of journey 3000 lb. or 321 ney efficiency from coal to
per cent of coal used on 100 drawbar.
mile run.

The figure 3000 lb. for the coal used for firing up and at end
of journey would be considered very exceptional. About 800
lb. for firing up and 1100 lb. left in the firebox at the journey's
end may be considered as representative figures for the largest
English engines. This added to the coal used on the run would
reduce the journey efficiency of coal to drawbar from 4. 1 per
cent to 3. 2 per cent as compared with the author's figure of
2.85 per cent, the coal per drawbar h.p. amounting to 5.2 lb.
instead of 6.86 lb.
For the electric locomotives, if we accept the author's as-

sumption that the resistance per ton of locomotive is the same
,as for the coaches, and the other carefully prepared and fair
chain of efficiencies between the coal bunkers and the rims of
'the drivers given on pages 1154 and 1156, the final figure for
this efficiency given by the author is 61 per cent. With the
steam figures already given for an English railway with loco-
motive coal of 15,400 B.t.u. or 6 h.p-hr. per lb., 57 per cent of
the coal used by the steam locomotives would be required to
haul the train electrically, as compared with the author's 47
per cent.

If steam locomotive working costs include coal, water, run-
ning wages and superintendence, lubricants, small stores, and
locomotive repairs and renewals, the average cost of working
a locomotive-that is, the total of these costs divided by the
total number of locomotives in service-is about $5000 per
annum.
Of these costs, coal and water account for about one third.

It is suggested that these total costs, averaged over the whole
stock, and then modified to suit each type of locomotive for
which the average consumption of coal per mile is known, would
be the most useful figure for comparison between steam and
electric locomotives. I regret not to be in a position to give
this analysis for different types.

In comparing steam and electric locomotives for fast pas-
senger service it must not be forgotten that, with increasing
speed, the series motor falls off in output much more rapidly
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than the steam cylinder. The type of English steam locomotive
most in favor for fast passenger service can give a measured
(not calculated) drawbar h.p. of 1100 at 70 miles per hour.
The Pacific type could of course give a greater h.p. Have any
electric locomotives in America given a measured drawbar
pull of 5900 lb. at 70 miles per h9ur?

Agreeing with all that the author has said as to the purchase
of electricity in preference to its generation by the railway,
the British system of small municipal electric supplies in each
town militates against the price of electricity offered by the
large power companies falling to a sufficiently low figure except
on the N. E. coast, where attractive prices are offered for trac-
tion. This has an important bearing in connection with the
type of traffic dealt with in the second part of Mr. Hobart's
paper under the head of " Mountain grade railways, " where
the hauling of heavy goods trains is considered firstly up 0.3
per cent grades and secondly up 1.5 per cent grades.

Here again our conditions are different. There are prob-
ably 700,000 privately owned traders' wagons in the United
Kingdom for which the drawgear is, when new, tested to 56 tons
(50). This permits of a maximum tractive effort of 13- tons
(12) and a maximum starting effort of 19 tons (17), and no
locomotive giving more drawbar pull than this is required for
general use. But apart from the loss of strength by wear, a
considerable percentage of traders' wagons are much below
this standard and in general make very heavy freight trains
impossible. On some railways and in some classes of mineral
traffic the company's own wagons are solely used and in such
cases drawgear can be suited to heavier trains, but there is no
difficulty in building, within the British load gage, steam lo-
comotives (such for instance as those of the 2-8-0 Consolida-
tion tank type with 70 tons (62 tons) adhesive weight) capable
of pulling the heaviest trains containing traders' wagons which
from the strength of their drawgear it is safe to marshal. In
this country, therefore, save in some special cases, the advantage
of hauling heavier goods trains than can be hauled by a steam
locomotive does not exist. In spite of this, the electric hauling
of heavy goods trains in hilly districts is, after suburban passen-
ger traffic, the most promising field for electric traction in this
country, on account of increase in possible speed.

Let us turn again to the author's constants, remembering the
British drawgear limitation in the possible maximum weight
of goods trains in general.

A. B. C. D.

1163. 19. Total resistance of trailing load The drawbar h.p. and all sub-
at 14 mi. per hr. = 4 lb. (4.5) sequent results.
per ton of loaded train, and
8 lb. (9) per ton of empty train,
both at 14 mi. per hr.
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Different load conditions in the two countries make com-
parisons difficult. For a 560-ton (500) train the resistance
per American ton was 6 lb. (6.7) and for the empties weighing
215 tons (190) the resistance per American ton was 15.1 lb.
(15.9),, but the speed was 20 miles per hour instead of 14 miles.
The value 560 tons, approaches the possible British limit of
train weight with a ruling gradient of 1 per cent.

A. B. C. D.

1164. 2. Starting adhesion from 25 The maximum starting effort
per cent to 30 per cent. of locomotive.

The adhesion at starting with the 2-8-0 type of goods engine
is 0. 32.
No useful comparison can be made with English conditions,

of the various constants leading to the efficiency for mountain
grade locomotives between the coal and the drawbar. The
amount of 30 per cent added for the coal used when the loco-
motive is standing can, however, be confirmed.

It is not possible to give a figure comparable with the author's
figure for locomotive repairs. It is presumed that the figure
of 10 cents per mile per 100 tons is an average figure and that
for the Mallet locomotive under consideration it would be more.

Only one other figure used in the author's interesting com-
parisons between steam and electric locomotives on mountain
grades can be given from experience this side, and that is with
reference to the 16,000 traffic miles per annum of the Mallet
locomotive. On a Welsh section including a ruling gradient
for 2 miles of 2.0 per cent the average annual mileage of the
2-8-0 type of locomotive is 15,000.

It is a misfortune that the type of goods service in hilly dis-
tricts for which ele ctric traction is most suited in England
is conducted under such very different conditions from those
obtaining in America that a comparison with the author's
figures is only possible in one or two instances. Such com-
parisons as have been made point to the close agreement of the
author's constants with those obtained from one English rail-
way.

H. M. Hobart (by letter): The more valuable portions of the
discussions of the papers by Mr. Kahler and myself consisted in
written contributions containing a large amount of quantitative
data which required detailed analysis in order to disclose its signifi-
cance. Indeed, the significance of the contributions of Messrs.
Babcock, Hall and Welsh have only become clearly apparent
after studying them in conjunction with Mr. Babcock's paper
entitled Mountain Railway Electrification, which is published
in this volume of the TRANSACTIONS, page 1845. In this paper
Mr. Babcock considers a mountain railway which in many
respects is practically identical with the case which I worked
out in my paper, and it is only recently that I have been able
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to study all this material. This study has satisfied me that
Mr. Babcock may be in error in extending his unfavorable
conclusion as regards electrification of mountain railways to
cases where the conditions are less favorable with respect to
low cost of fuel, than in the exceptional case which he has con-
sidered. Mr. Babcock has based his steam locomotive costs on
the use of oil purchased at about one cent per gallon or 42 cents
per barrel. Oil fuel at such a price is equivalent to lignite (of
a calorific value of 11,000 B.t.u. per pound) at a price of $1. 60
per ton. For my example of a 96-mile mountain-grade railway
I assumed a price of $2.40 per ton. This price is the lowest
which could be considered representative. I devoted a page
of my paper to pointing out and emphasizing the fact that
with decreasing price of fuel the case for electrification rapidly
became less favorable. The substitution of $1.60 per ton for
fuel in place of my figure of $2. 40 per ton would have greatly
decreased the margin in favor of electrification.

It will be agreed that the price of about one cent per gallon
(42 cents per barrel) for oil fuel is local in its application. At
a price of 2 cents per gallon (84 cents per barrel) the item of
$241,000 for locomotive fuel in Mr. Babcock's paper becomes
$482,000 and increases his " Steam " total of $687,000 to
$928,000. Furthermore, Mr. Babcock gives items for first
cost of (I) Substations and (II) Contact System and Bonding,
of $1,610,000 and $1,100,000 respectively, or a total of (I) and
(II) amounting to $2,710,000. The output of the substations
amounts to only some 47 million kw-hr. per annum. For a
load of the character handled on his railway the substation
outlay could certainly be reduced to much less than half of his
figure. Without going at length into this matter, (which
appears to be the chief point of difference between our estimates),
I should unhesitatingly reduce Mr. Babcock's $2,710,000 by
$800,000. Bond interest at 41 per cent comes to

0. 045 X 800,000 = $36,000.
and when subtracted from the " Electric " total of $451,000,
leaves ......... $415,000.
We now have

Steam ......... $928,000
Electric ......... 415,000

Difference ......... $513,000
from which the cost of the electricity is to be defrayed. 55 mil-
lion kw-hr. delivered annually to the substations at a price of
0. 65 cents per kw-hr. amounts to an annual charge of $358,000,
leaving a balance of $155,000 to cover taxes and depreciation.
The net investment is

$3,828,000-$800,000 = $3,028,000
of which amount our $155,000 is 5. 1 per cent.
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This is a conservatively prepared statement and is interest-
ing in disclosing (1) the effect of the fuel cost on the result and
(2) the influence of the substation arrangements.

I cannot agree with Mr. Babcock's optimistic estimates of
the efficiency in his electric alternative and in a close analysis
corrections ought to be introduced in this respect which would
render the results a little less favorable to electrification. On
the other hand, I have taken no account of the decreased outlay
for substation labor and supplies which would ensue from halv-
ing the number of substations and eliminating the feature of
starting up the machinery just prior to the approach of each
train.

If my results indicate the general order of magnitude of the
investment and operating costs, it would appear that the in-
creased capacity consequent upon the electrification of such a
mountain grade railway should be amply attractive to justify
serious consideration of electrification on the part of the ex-
ecutives of such roads.

Mr. Roger Smith's contribution contains data of very great
value. Engineers will appreciate having available the precise
figures which Mr. Smith, the chief electrical engincer, and Mr.
G. J. Churchward, locomotive superintendent, of the Great
Western Railway of England, have here presented. The Great
Western data closely confirm my assumptions and in so far as
they deviate therefrom will be of valuable guidance in ar-
riving at more appropriate assumptions in investigations of
this sort.

I accept Mr. F. W. Carter's suggestions as very much to the
point. Mr. F. C. Merriell alludes to the important superiority
of electrical operation as regards immunity from the difficulties
attending steam-locomotive traction in extreme cold weather.
The point is one of much importance.
With reference to the discussion of steel rectifiers by Messrs.

Armstrong and Murray, I should like to refer to pages 136 and 137
of a paper entitled The Relative Costs and Operating Efficiencies of
Polyphase and Single-Phase Generating and Transmitting Sys-
tems,* in which I called attention to the useful and useless lines
on which such apparatus may be developed. If Mr. Murray
will refer to that paper and to his own experiences he will see
that there is need for a revision of his statement that " the
power houses of the single-phase and continuous-current systems
are about a stand-off. " Mr. Parshall expresses the opinion
that the paper credits the steam locomotive with a better per-
formance than is representative. The criticisms of Messrs.
Murray and Wynne, on the contrary, appear to be to the gen-
eral effect that I have underestimated the performance of the
steam locomotive.

It is interesting to contrast the conclusions of Mr. George
Hill with those of Mr. Babcock. The former states that his

*TRANS. A I. E. E., Vol. XXXI, (1912), p. 115.
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firm has satisfied itself in the course of its investigations that
electrification will make a very satisfactory showing for many
cases of heavy mountain grades: the latter has reported on
" every mountain railway exit from the Central California
valleys, and on other mountain districts in other parts of the
West Coast country " and the conclusions have invariably
been adverse to electrification.

Mr. Wynne criticises my 78 per cent annual substation ef-
ficiency for the mountain-grade service as being too high, and
recommends that it be decreased by from 7 to 10 per cent.
In Mr. Babcock's paper the annual substation efficiency is
taken as 90 per cent. In my opinion this is 10 per cent higher
than he could obtain by any practical means for the service he
describes. In Mr. Wynne's opinion Mr. Babcock's figure is
20 per cent too high.

I am especially glad to have the data which Messrs. Hall and
Welsh give relating to the cost of Mallet locomotives. Al-
though the figures which I obtained for the cost of Mallets
were from very reliable sources, nevertheless, I should have
employed somewhat lower prices had these further data been
known to me. The comparative result would, however, not
be much affected, if at the same time, I had taken the electric
freight locomotives at $350 per ton, the figure employed by Mr.
Babcock in his paper, in place of the figure of $450 per ton which
I employed for the electric locomotives in my estimates.

A. B. Babcock (by letter): Mr. Hobart is satisfied " that
Mr. Babcock may be in error in extending his unfavorable con-
clusions as regards electrification of mountain railways to
cases where the conditions are less favorable with respect to the
low cost of fuel than in the exceptional case which he has con-
sidered." It seems impossible for me to make plain enough
to be understood that my conclusions are not unfavorable to
electrification of any railways, mountain or plain, except those
that I have investigated personally and reported on adversely.
While these concern the exits from the Central California
valleys, and some other mountain districts on the West Coast,
there are many other districts in which electrification may be
extremely profitable. I am not aware that I have ever made a
statement favorable or unfavorable to electrification in general.
Mr. Hobart, if I understand his argument, goes on to assume

a hypothetical value of fuel and from that argues himself into
a position contrary to that resulting from my analysis of the Te-
hachapi figures. With reference to this, permit me to call
his attention to my discussion of his paper (see page 1237,
preceding). " While in the hypothetical case, from a given
set of assumptions one may argue himself into almost any de-
sired position, in practise the hard and unyielding physical
facts are met." He also states, " For a load of the character
handled on his railway the substation outlay could certainly be
reduced to much less than half his figure." Again permit me to
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call his attention to the fact that actualities are considered in
my Tehachapi paper and to refer him to the paragraph wherein
I said, " This traffic must be handled as circumstances require.
It cannot be spaced conveniently for power demands, as many
engineers and power men have suggested, but the terminal yards
must be cleared as the cars accumulate."

Mr. Hobart contrasts the conclusions of Mr. George Hill
with mine. M\r. Hill's viewpoint and mine are different. Again
I will refer him to my Tehachapi paper, first and third paragraphs
thereof.
From the foregoing quotations it would appear to me that

Mr. Hobart has not read the Tehachapi paper with the care
that would justify his positive statements with reference to my
attitude. For his information I will state that the said Te-
hachapi paper was written in the hope that it would draw
out a discussion wherein, if my office has been in error for the
last ten years with respect to such problems, these errors would
now be pointed out by those who are competent tohave opinions on
this subject. So far only Mr. Hobart has offered a criticism.
He appears to have read it without discovering that it deals with
facts,-with things as they are, not with things as both he and
I might wish to have them. Only a few weeks ago I stated to
a representative of a prominent engineering firm that I would
be very glad to be shown that my conclusions are erroneous, if
such is the fact, and I made the offer at that time, which offer
still stands open, that although I had stated in the Tehachapi
paper the absolute operating facts as taken from the company's
records, I am ready at any time to turn over to competent mem-
bers of any of the large electrical manufacturing companies, all
of the operating data that can possibly cast light on these prob-
lems, to give them access to all of the facts in connection with
the property, and if t-hey can convince our operating officials
that there is a profit in the electrification of any one of the
mountain outlets from Central California, as operated by this
company, or as can be reasonably operated by this company,
I stand ready to confess my error as publicly as I have stated
my conclusions; but I will neither take part in general discussions
that lead nowhere, nor will I pick up straw men after they have
been knocked down.


